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ABSTRACT
Numerical methods in the form of a digital computer model were 
used to simulate and study the tide- and wind-induced circulation in 
Chandeleur-Breton Sounds, which form a bar-built estuary southeast of 
New Orleans, Louisiana. The study provided sufficient information from 
which to give a general description of the response of the estuary to 
average, tropic, and equatorial tides. It was found that the estuary 
has very low speed currents, on the order of 10-20 cm/sec, except in 
some of the shallow entrances through the Chandeleur Island chain, where 
speed reaches 50-60 cm/sec for short periods. The input to the estuary 
comes primarily from its northern and southern entrances. The entering 
tidal wave forms were simulated by two Kelvin waves, which had a result­
ant form that was found to be in close agreement with the computer 
model. The model output agreed very well with current observations 
taken over a 6-month period at 15 widely spaced stations in and around 
the estuary. Surface elevations were found to have an average tide 
range of 60 cm at the northwestern end of the estuary and to increase in 
range to 90 cm during tropic tides. The range in the southern part of 
the estuary was about 15 cm less at all times. It was also shown that 
the estuary responds directly to an applied wind force and that the 
expected set-up of the surface is in the downwind direction. Finally, 
it was shown that total energy in the estuary is relatively low and is 
governed primarily by the potential energy of the tide-induced surface
x
elevations inasmuch as the low current speeds do not provide even a 
reasonably equal kinetic energy. Frictional energy dissipation, which 
is dependent on current speeds, was also low (6 ergs/cm^/sec). Input 




The primary objective of this study was to use numerical methods in 
the form of a digital computer model to simulate tide- and wind-induced 
circulation in the Chandeleur-Breton Sounds estuary and from this infor­
mation to draw conclusions about the physics which control the estuary. 
It was also intended that the model be easily adaptable for use by other 
investigators in studies of other applicable areas. Both objectives 
were met.
To accomplish the latter, the model was programmed in such a way 
that any investigator could use and/or modify it to suit his own purpose 
without the usual requirement of mastery of computer programming and, as 
is often necessary, a complete systems analysis and reprogramming 
effort. Basically, the model was formulated with a main computing scheme 
program and a number of subroutines, each of which isolates the treat­
ment of the parameters that usually vary from one study to another. By 
this means changes are made easily, and concern about their impact on 
other parts of the model is eliminated.
The computer model was also formulated so that other investigators 
could control the use or non-use of several terms that apply to the 
basic equations. These terms are convective inertia, Coriolis, bottom 
friction, and wind stress. Their use is governed by an input card 
requiring only a one (1) for "use" or a zero (0) for "omit." One card's 
inputs are also used to control wind speed, direction, and start and
stop times, as well as spatial grid size and time step increment size.
The main problem, reaching the point of being able to draw mean­
ingful conclusions about the estuary's controlling physics and in a 
general sense describing the characteristics of the surface elevation, 
current flow field, energy balance, and possibly applicable theoretical 
wave forms, required numerical analysis for practical reasons. The area 
is simply too large to cover adequately with any program of compre­
hensive data collection and analysis, and fortunately there were just 
enough data available for use in verifying a numerical model.
A model developed by Leendertse (1967) was modified for this 
study. The modified model was first tested for computational accuracy 
and stability. This procedure is of prime importance in selecting one 
model over another. The test involved input cyclic sine curve tidal 
data so that it was known that the model output should repeat itself at 
cyclic intervals. It did, with surface elevations within about 1.5 to 2 
percent and current velocities within 10 to 20 percent of full-scale 
values.
The foregoing test is basically a verification of the numerical 
method used to represent the hydrodynamic differential equations. The 
model was then tested against real data as verification of the theo­
retical assumption and formulation.
The test data were currents observed and recorded at 14 widely 
separated (spatially and temporally) stations in the estuary. The data 
were taken in 1968 by the National Ocean Survey ships Manner and Ferrel. 
The model was run with input predicted tidal data for the periods of 
data collection, and the output was compared with that at each point and 
at combinations of points. The test or comparison was quite favorable
and is described in the body of the report.
The effect of the individual terms mentioned previously was deter­
mined by running the model alternately with and without each term in 
succejsion. The effect is in terms of both magnitude and spatial 
orientation and is also described in the body of the paper.
The model was then run with input predicted tidal data that repre­
sented average, tropic, and equatorial tidal conditions. In this way, 
the study provided information on the average, high, and low energy 
conditions that could be expected during a tidal cycle.
Plotted output of the surface elevation and current flow fields 
under these conditions served as the basis for a descriptive analysis 
and characterization of the estuary. This description was aided by use 
of co-range and co-tidal diagrams that were made from the model data.
Generally, tides at the northern end of the estuary led those in 
the south by about 1 hour. Tidal ranges were also greatest In the north 
and northwest. The range in the north during tropic tides was over 90 
cm and during average tidal periods was about 65 cm. At all times the 
range in the north was 10 to 15 cm greater than in the south.
The current flow field diagrams showed essentially two systems 
entering the estuary, one from the north and one from the south, and 
converging at about the center. This circumstance and the co-range and 
co-tidal lines suggested two Kelvin waves. Theoretical wave forms and 
currents were computed for two waves of this nature that started at each 
end with representative wave amplitudes. The ordinate values from each 
wave were added until a suitable time lag was determined for each wave, 
so that the resultant wave came closest to simulating that shown by the 
model to be in effect. The comparison was very good, considering the
highly idealized theoretical wave forms, lack of applied frictional 
effects, and a straight channel assumption (which is not the case in the 
estuary). In fact, it is a fair assumption that these wave forms do 
exist in the estuary.
Total energy and energy flux were also computed from the output of 
the model data. Comparison was made between the computed energy flux 
for the estuary and the net sum of the energy input through all entran­
ces, minus the energy dissipated by frictional velocity. The energy 
study showed good overall diurnal balance; an excess of energy entered 
on the incoming tides but was dissipated by friction on the outflowing 
tides. Total energy peaked about 1 hour after high tide, similarly was 
at a minimum about 1 hour after low tide, and was a rather symmetrical 
function about these times. Total energy was found to be primarily a 
function of potential energy. Kinetic energy, however, was twice the 
potential energy at the mid-tide maximum current flow periods, and, 
although the current speeds are generally small, frictional energy 
dissipation, which is necessary to maintain the energy balance, is 
dependent primarily upon them.
BACKGROUND
The Chandeleur-Breton Sounds estuary was studied because the area 
is of great environmental and commercial value and study of its physical 
and dynamic characteristics should add important information to the 
growing body of knowledge concerning the hydrodynamics of bar-built 
estuaries.
The estuary is located east-southeast of New Orleans (Fig. 1). 
Obviously there is considerable commercial interest in the area from the 
aspect of fisheries and shellfish industries. Numerous oyster beds are 
to be found in the region. The current flow field is certainly of 
importance to these interests since any bed area is affected by the flow 
over it, in terms of both potential nutrient and pollutant transport and 
also the potential high and low energy areas. The latter is most 
important in bed maintenance and small-boat operations. The oil indus­
try has invested heavily in the area, both in offshore drilling plat­
forms and pipelines and in efforts to maintain the environmental pro­
tection of this natural-resource area. There are several oil pipelines, 
in fact, that run the length of the estuary. Movement of these lines 
and possible eventual rupture and oil spills can be effected by local 
currents. Certainly the covering and uncovering of bottom structures, 
activities that are important in maintenance, are affected to some 
degree by local currents.
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Figure 1. Chandeleur-Breton Sound estuary location and name identifi­
cation map.
Pollution control is not only important but also topical and 
expensive in terms of ability to maintain it. For example, in 1970 
there was an oil spill from one of the platforms southeast of Breton 
Island. Many months and much effort were spent in controlling the 
spill, and a major aspect was the use of a line of barges to form a net 
to somewhat retard the flow and aid in the effort to limit the surface 
flow of the spilling oil. Again, flow field information was important 
in this application.
Recreational and small-boat interests in the area are also quite 
important, as are, obviously, those of the larger commercial shipping 
interests. It can be seen from Figure 1 that the Mississippi River Gulf 
Outlet Channel is dredged across the area. Silting in the channel can 
be a maintenance problem, and knowledge of the current flow field is of 
direct applicability.
Very possibly the most important interest in this area may come 
from those who are planning a Gulf Coast superport. The area certainly 
is large enough, is near a major transportation and communications 
center (New Orleans), and is rather well sheltered as an anchorage by 
the bar of islands from Chandeleur Island to Breton Island. Critical 
hydrodynamic factors that must be known in planning any major anchorage 
and docking facility are tidal range and areas of maximum and minimum 
range, currents, and the effects on both of prevailing winds. The model 
and study provide considerable information on these factors.
Physically, the study area is an approximately 80-km x 100-km, 
relatively flat bottomed, shallow (about 3-6 meters), bar-built estuary. 
Most study effort has gone into drowned coastal plain estuaries, e.g., 
Pritchard (1952, 1954, 1955, 1956) and Pritchard and Kent (1956).
Fjord-type estuaries have also been studied, e.g., by McAlister et al.
(1959). Very little, however, has been done on the bar-built estuary; 
the exceptions are a study by Dyer and Ramamoorthy (1969) and another, 
of local interest, on Caminada Bay, southwest of New Orleans, by 
Kjerfve (1973). Very little data (enough, however, for testing a 
numerical model) were available on the Chandeleur-Breton Sounds 
estuary. Current data used in the study are discussed later. Salini­
ties and general information on current flow were found in Murray elt al. 
(1970) and Barrett (1971).
The study was intended to provide much more information than was 
previously available on the area, and this objective was achieved.
BASIC THEORY AND FORMULATION
Before any numerical model is used, the theory, assumptions, and 
formulation should be reviewed. Such a review provides the assurance 
that the results are what they are represented to be and gives some 
framework to the capabilities and limitations of the model for its 
intended use.
Several authors developed the basic differential equations that 
describe long-period gravity waves in shallow waters. Those most 
closely followed in this presentation are Dronkers (1964) and Leendertse
(1967). Both authors carry the development through to the finite- 
difference method of solving the differential equations. The former 
provides excellent reference to other comparable methods, and the latter 
develops the specific model that was modified, expanded, and used in 
this study. Others who have provided similar treatment but generally 
are limited to specific models are Reid and Bodine (1968), Youkey
(1968), Mungall and Matthews (1970), Masch (1970), Abbott and Marshall 
(1970), Gunaratnam and Perkins (1970), Hacker et al. (1971), and, of 
course, the texts by Neumann and Pierson (1966) and Ippen (1966).
Differential Equations 
The basic equations for the flow of long-period gravity waves are 
developed from Eulerian equations of motion and continuity at a position 
(x, y, z) in a Cartesian coordinate system. The coordinate system is 










Figure 2. Coordinate system used in this study. The horizontal datum 
is MSL with z+ up. The model, however, can be run with tides from MLW 
datum to output all positive surface elevations. MSL must be used for 
energy determination. Note wind azimuth is heading, not source.
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axis is positive upward. The three components of the velocity vector 
are u, v, and w in the x, y, and z directions.
The basic equations of motion (neglecting the direct tide gener­
ating forces) are:.................................... . ..... ...
 — ■...    dt p 3x V p 3z
(1)dv s _ 1 jiP _ » , 1. 3Fydt p 3y U p 3z
dw = 1 3P 1 3Fz
dt p 3z ® p 3z
where
p = water density
P = pressure
g = gravity acceleration
f - Coriolis parameter ~ 2 w sin <{>
Fx, Fy, and Fz = the frictional forces
The equally basic continuity equation is
£» + + jw , o  (2)
3x 3y 3z
When considering long-period gravity waves, it may be assumed that 
the vertical velocity of water particles is negligible in comparison 
with the gravity field acceleration. Thus with w = 0 equations (1) and 
(2) are
3Fdu _ _ 1. _3P . „ , 1 _x
dt p 3x V p 3z .
dv = _ 1 3P _ f , 1 dFy
dt p 3y U p 3z
o = _ c i 1 9Fz■ p 3z p 3z
(3)
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3“ + 3 Z = 0 
3x 3y (4)
We can now make the hydrostatic assumption that the vertical 
forces F are negligible, and the third equation in (3) becomes
dP = -pgdz (5)
Integrating (5) from the arbitrary level z to the surface
p " PG + S /  Pdzz
where PQ is atmospheric pressure at the surface.
Thus, in equations (3)
9P/9x = 3P /3x + g f pdzo oX
3P/3y = 3Po/3y + g TT f  pdz
y z
(6)
We can then assume that
3P 3P o o
9x 3y
In other words, the atmospheric pressure gradient is negligible in 
a horizontal direction; this assumption is not unreasonable over the 
relatively small area of the estuary.
Equations (6) thus become
3P ~ „ 3 r a
aS ' 6 ̂  S  pd2
Z
3P 3 ’ .
a " * * /
(7)
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5 being a function of x and y, using the Leibnitz Rule we see
that
3P =
3x ® 3x 2 z
(8)
where pg is the density at the surface.
We can assume that 3p/9x and 3p/3y = 0. For these conditions to 
prevail, there should be a spatially homogeneous density gradient in the 
estuary, and this is not quite the case (Murray et al., 1970, and 
Barrett, 1971). The assumption is justified, however, because it may 
also be assumed that 3p/3x and 3p/3y are considerably smaller than 
3^/3x and 3c/3y. Such is the case for the estuary, where the ratio is 
at most about 1:10.
We can then substitute (8) into equations (3):
where it can be assumed that p„ z p and pe/p = 1.
S a
At this point we account for the fact that there are gradients in 
the horizontal velocities as a function of depth, vertical density 
salinity gradients, and bottom friction. Murray et al. (1970) showed 
density sigma t (ot) values in the surface 2-5 feet to be about 1-2 x 
10” ̂ gm cm“3 below the mean for the vertical profile, while values 
between stations were within 2-5 x 10“  ̂gm cm"^. They also found that 
currents were about 1 knot at the surface and about 2 knots near the 
bottom on outgoing tides but were reversed on incoming tides.






The foregoing means that the numerical model should be able to give 
good average values suitable for a general characterization of the 
estuary's surface elevation, current flow field, energy balance, and 
possibly wave form. The model, however, may not be accurate at a given 
vertical level, especially near the surface, where salinities and 
velocities differ considerably from the average. This is, of course, 
the assumption that makes a two-dimensional model from a three-dimen­
sional situation.
Rearranging (10) as follows, we have a volume transport function:
with a similar development in the y direction.
Dividing each term in (12) by (h+?) and substituting (11) into the 
resulting integrals and integrating, we have (assuming u - v f f(z):
U(h+S) udz
(11)
V(h+£) = /  vdz
Integrating (9) from the bottom to the surface we have:
C H it ^ 3 r  ^ 1  ^
S  dt dz = f  “g a f dz + f  f  vdz + 7  f ~dz~ dz (12J■h dt -h dx -h p -h dz
dU H
dt " s 3x|5- + f V + ( F  - F. )/p(h+C) sx bx
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and similarly for the y direction: (13)
f  = -  g f  -  fu  +  (F sy -  F ^ /p C h + O
where
Fs = surface, or wind friction force 
Fjj ** bottom friction force
Finally, expanding dU/dt into its total derivative and remembering 
that all vertical accelerations w “ 0, we have
f  + u f  + v f  ■ -  s f + f V H -  CFSX -  r bx)/p (h+C)
C14)
f  + D + v §  - - s §  - + W sy -
The empirical friction terms commonly used to represent bottom 
friction and wind stress are found in numerous texts, e.g., those of 
Dronkers (1964) and Leendertse (1967). It can be easily shown that 
the usual quadratic bottom stress law becomes;
bx = g UO^+V2)1^2
(15)
pCh+?) " c2 Ch+O
Fby = g VO^+V2)1^2 
P(h+C) c2 (h+?)
where C is the common Chezy friction factor. Similarly, from Dronkers 
(1964) the wind friction terms are




2 2F p Y U-n COS Otsy _ w _ a 10_______
P (h+£) y P Oi+C)
where
_3 3p ' 1.25 x 10 is the density of air (gm/cm )
a = the wind azimuth from north as used in the model (Fig. 2)
= the wind speed at a standard anemometer height of 10 meters
as used in the model
2 -3y 2.6 x 10 J
2In this study, however, y was determined from wind-speed-dependent
formulation as developed by Wu (1969)» where
for - 15 meters/second
2 -3y 83 2.6 x 10
and for < 15 meters/second
y2 = 5 x 10"4 (U10)1/2
Thus (16) becomes
2 2 Y U.n sin a w = ££ J__10_______
x p (h+?)
p a  ^  V1Q2 c°3 a
y p (h+C) 1
2where y is now the wind friction factor from Wu (1969).
Similar development is then given for the basic continuity equa­
tion (4), repeated here:
Again we will assume the same vertically averaged velocities given 




The boundary conditions at the surface and bottom are:
£ - & + « S + * # = 0  (19)
(2o>
Again the Leibnitz Rule is used to develop (18):
/  3ti , 3 rC . 3t 3hJh aS dz "  udz "  u 3^ "  u 3^
£ 3v , . 3 /*C . 3t 3h/ t—  dz + —  / vdz -v -r2- - v —
-h y y 4i y y
Grouping terms:
h j [ u d z + 17 vdz + [u S + v  f ^ ] +  [° H + v  H ]  <21)
It is noted that the terms in the first bracket equal 3^/3t, from 
(18), and the terms in the second bracket equal zero, from (19). 
Therefore, (21) reduces to
|5 / ud2 + |7 / v d 2 + | f =  0 (22)
—n —n
Substituting the vertically averaged velocities from (11)* we have
3[ttQ+S)] + a [ v ( W 3 + 1 £ = o C23)
3x 3y 3 t L '
Equation (23) is the continuity equation used in the model and 
study. Substituting equations (16) and (17) in (14), we also have the
equations of motion applicable to the study:
| 2 . - n | 2 - T | 2 - g | i + £ v  -  e tK t fW*)172 + V 2 uio2 sln °
C Ch-K) PChH)
—  = _ U —  - V —  - g —  - fU - fiv^ 2+v2)1/2 + PaY Ul0 sin a
(24)
sc 3x 3y 3y C2 Ch+?) p(h+c)
The Coriolis, bottom friction, and wind terms have been identified 
in equations (1), (16), and (17). The first two terms on the right side 
of equations (24) are referred to hereafter as the convective inertia 
terms.
Finite-Difference Methods
In this method finite-difference equations are made to represent 
the partial differential hydrodynamic tidal equations. The three major 
problems are to devise finite-difference equations which will:
1. Converge to the differential solution when the spatial and 
temporal increments go to zero.
2. Remain stable throughout the solution, i.e., not be subject to 
distorted solutions with unrealistic answers as a result of exponen­
tially expanding the effect of small computational round-off errors.
3. Be economical in terms of computer time versus versatility in 
the number of parameters that can be considered in the problem.
Finite-difference theory, development, and application to problems 
are covered extensively in the literature, e.g., Forsythe and Wasow
(1960), Bramble (1966), Van der Houwen (1968), von Rosenberg (1969), 
etc. Dronkers (1964) gives a detailed example of the explicit system 
used by Hansen and then Reid and Bodine.
All the systems are built from various methods of applying the
basic first and second (if necessary) derivatives in finite-difference 
form. The basics stem from considering a continuous function u(x), 
with two values separated by a differential distance dx. Then
u(x+dx) = u(x) + —  (x) • dx
But when discrete differences Ax are used, the left and right sides are 
not exactly equal. The exact relation using Ax is then a Taylor series:
u(xfAx) = U(x) + ~  (x) ■ Ax + (x) • (x) • +
dx dx
When considering equally spaced points the series may be written as 
follows for points:
xi+l = xi + Ax
and
xl_X ” xi ~ ix
't
The first derivative is found by rearranging (25):
/ du\ Ui-H Ui _ / d^u\ Ax
H i '  ' M * 2 ' ------------
(27)
The second derivative is found by adding (25) and (26) and rearrang­
ing but will not be recorded here because it is not used in the tidal 
equations (23) and (24).
The error in using (27) is in the order of the first term that is
truncated from the series. In this case the second term is trun­
cated (containing x), therefore the analog is referred to as only 
first-order correct, A better analog is found by subtracting (26) from 
(25) and rearranging:
(du\ _ ui+l " ui-l (d3u\ Ax2
( S i - — * 5  (28)
This analog is second-order correct and is centered on the point 
x^. Both are conditions which contribute to convergence. In the 
solutions devised by various investigators already cited, this analog is 
used in both space and time by centering on even, odd, and half values
(either plus or minus) of i.
The next question, of stability, according to most authors is 
difficult to define. An example illustrating the idea (Forsythe and 
Wasow, 1960) is as follows:
2 23 u 3 uOriginal differential equation: x -----x - 0
3x 3t
Finite-difference form: u(x,t+k) = 2u(x,t) - u(x,t-k)
+X^[U(x-h,t) - 2U(x,t) + U(x-h,t)] (29)
where X = k/h = 2
U(x,0) = f(x)
u(x,k) - u(x,0) _ ^
Ic
Then, if only one round-off error is introduced, i.e., u(0,k) “ e, 
Instead of zero, such that
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f 00 = o f(x) =
0 for
e/k for x = 0
(30)
then the growth of the error of substituting (30) into (29) can be seen 
from a table given in Dahlquist (1954):
5K ' 256 -1536 4432 -7920 9541 -7920 4432 -1536 256
4K 0 64 -288 616 -780 616 -288 64 0
3K 0 0 16 -48 67 -48 16 0 0
2K 0 0 0 4 -6 4 0 0 0
K 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0 0 0
-4h -3h -2h -h 0 h 2h 3h
x
4h
It can be shown from a numerical analysis of the differential tidal 
equations that stability in some schemes can be assured if the time and 
distance increments stay within certain relative limits. In the Reid 
and Bodine (1968) model followed by Hacker et al. (1971), as with 
Hansen's model (Youkey, 1968), this criterion is
as > y ghmax
At 
where
AS = grid spacing 
At = time increment 
g = gravity acceleration 
h = depth
Sobey (1970) compares the stability of four systems, those of 
Heaps, Reid and Bodine, Abbott, and Leendertse. Because the latter two
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schemes are implicit, they are shown to be stable under all AS/At 
conditions.
This factor is most significant in making the decision of which 
finite-difference system to use. The Reid and Bodine system is good, 
but for the Chandeleur-Breton estuary the stability requires the fol­
lowing:
Assume size 20 x 50 miles @ 1-mile grid = 1000 points
Assume maximum depth h = 12 meters, 1 mile 1600 meters
From (31) At < AS/(gh/2)1^2
* 1600/(10 x 6)1/2
* 200 seconds
where AS, At, g, and h are defined above. Thus about a 3- to 3 1/2- 
minute time step is allowed.
For the effect of an hour’s change in tidal input, the program will
have to cycle 17 to 20 times, and for 1000 computational points over a
21- or 24-hour tidal period this seems to require an excessive amount of 
computer time. The tradeoff, however, is that the implicit scheme of 
Leendertse, for example, requires more computational steps at each point 
than does the explicit scheme of Reid and Bodine. The latter is not a 
serious problem for a large digital computer.
The question of economical computer utilization is a moot point.
It is solved most simply in most cases by fully utilizing the computer 
available to the investigator, and each computer has varying character­
istics, such as total memory capacity. Briefly, therefore, the compu­
tational method selected for use and consequently the number of options 
open to the scheme may, in fact, be dictated by the limitations of the
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computer.
Implicit numerical schemes require more computer memory than 
explicit numerical schemes but are more versatile and overall require 
less computer time to arrive at the same areal system solutions.
The author fortunately had access to a UNIVAC 1108, which in terms 
of computer memory capacity and computing speed presented no limitations 
to any of the planned capabilities of the modified Leendertse scheme 
selected for a computer model of an estuary.
COMPUTATIONAL MODEL
General Description 
The finite-difference computational scheme developed to model the 
surface and current flow fields of the Chandeleur-Breton Sounds estuary 
is basically that scheme developed and discussed by Leendertse (1967). 
Wherever possible, the coding in the author's modified program was 
exactly the same as that used by Leendertse so that interested investi­
gators might make easy reference and comparison. Major revisions were 
made, however, in the organizational logic.
The shear length of finite-difference equations and a listing of 
the modified program make inclusion of it in this dissertation imprac­
tical. However, a brief description and comparison of Leendertse's 
program and the modified model are warranted.
The model, as diagrammed in Figure 3, is arranged so that there is 
a main body program and 15 subroutines, the last of which is a plotter 
routine. This arrangement allows one to easily find and modify any part 
of the program without unwittingly affecting another part. This is 
often a major problem to an investigator who is attempting to modify an 
existing program to suit his needs, which of course is the common case, 
since no computer program can be used without some modification on such 
problems as modeling similar but uniquely differing estuaries.
As shown in Figure 3, the primary blocks and subdivisions function 
as follows, and the following definitions are understood:
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S e c t it o n
100 Impl Ic it Comp. ” SEP,UP
200 Explicit Comp. VP
300 Implicit Comp. ~ SEP,VP
400 Explie It C o m p . UP
Subroutines
1 INPUT CoLLs Input Subroutines
2 KURIH Reads In Tidal Data at Known Points
3 DIVE Reads In Locations of LandfQ) &  Water'll!
4 FIND Locates^ Codes, &  Counts Water Sections
5 DEPTH Reads In Water Depths
6 CHEZY Reads In Chezy Coefficients
7 WIND Wind Stress Routine
8 INVAL Writes Out Initial Values
9 PRINT Main Printout, Print, or Plot Routine
10 OPEN Computes Open Bound Water Levels
11 STEADY Computes Steady Flow Boundary Velocity
12 0VFL0 Computes Overflow Boundary Velocity
13
14
0VFLD Sets Overflow Threshold Evaluation ID)
PLOTM Prepares Data for Plotter Routine
15 MAINP Main Plotter Routine
F ig u re  3 . Id e n tif ic a t io n , o f m a in  u n its  in  th e  m o d e l c o m p u te r  p ro g ra m .
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SEP *= surface elevation (from Leendertse's original symbol for 
zeta prime)
UP = east-west velocity component
VP = north-south velocity component (similarly from Leendertse) 
for U and V prime 
First time step:
Section 100 - Implicit computation for SEP and UP
Section 200 - Explicit computation for SEP and VP
Second time step:
Section 300 - Implicit computation for SEP and VP
Section 400 - Explicit computation for UP
Upon completion of the second time step computations, the resultant 
values for both time steps are averaged [in the output subroutine 
(PRINT)] for each grid point, a procedure which gives in essence a time- 
centered finite-difference approximation to the appropriate grid-point- 
centered values.
The computing sequence is as follows:
In section 100, values (SEP and UP) are computed for every grid 
point on a row from left to right (west to east), row after row, from 
bottom to top (south to north). In section 200, the value of VP is 
computed for every grid point on a column from south to north, column 
after column from west to east.
Similar computations are performed in sections 300 and 400, except 
that SEP and VP are done in section 300 and UP is done in section 400, 
whereas the sequence is per column in section 300 and per row in section 
400.
This alternating routine is most important inasmuch as it is
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actually the factor which controls computing stability in an implicit 
scheme and thereby frees the model from the restrictions of the grid and 
time step ratio, as discussed earlier.
To further facilitate program modification, all program steps 
(there are more than 1000 lines in the main body program) are numbered 
in consecutive order and according to the section they are in. The 
steps are also exactly the same in the comparative sections 100 and 300 
and similarly in 200 and 400, except that appropriate U and V terms and 
step numbers are interchanged. For example, step 103 compares to step 
303, and step 203 compares to step 403.
Capabilities and Options
Input
Model adaptability per easily varied input parameters. Other than 
major sections of input tide, depth, boundary condition Indicators, and 
friction factors (all of which will be discussed), the input variables 
that allow the model to be adapted to another estuarine environment are 
all listed prominently in the first few steps of the program. In each 
case the change is only that of a numerical constant.
For example, one-number changes are possible for the following:
1. The number of time steps for which one wants to run the 
program
2. The grid spacing
3. The time step span (number of hours, minutes, or seconds)
4. Mid-latitude of the area (necessary only for Coriolis terms)
5. Several maximum dimension values
6. Control for output: listing (0), printing (1), or both (2)
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7. If wind is to be considered, the time step on which it is to 
begin and the ending step, as well as the velocity and direction
From that point on, since the constants are given variable names, 
the program uses the new values and the investigator need not trouble 
himself with tracing through the whole program for other steps where the 
constant is used in computation. This includes subroutines, which are 
called in automatically and where applicable by the main body program.
Boundary condition options. The computational model's first 
subroutine has two prime functions. It calls in the Input data sub­
routines in the proper sequential order, and it starts the computations 
by calling in a few cata cards that provide output area identity (in 
this case, Chandeleur-Breton Sounds) and control numbers for each 
boundary point. These numbers allow four options to each coordinate 
direction of each boundary point:
0 if closed (solid boundary)
1 if open (tidal input)
2 if steady flow (stream input)
3 if overflow (marsh flooding)
Both the steady flow and overflow subroutines are additions to 
Leendertse's program but will not be discussed because they were not 
used in this study.
In addition to the boundary condition numbers, a group of data 
cards are read in with blanks (Os) or ones (Is) for every point in the 
computational matrix, A blank indicates a dry-land point or a boundary 
point where input values are known. The Is mean the model will compute 
all required values for that grid point. It is this simple arrangement 
that allows an investigator to easily vary the size and configuration of
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Che area that he intends to model. For example, the model may be run 
with a group of points representing an obstruction entered as Os. A 
second run with the Os changed to Is will show the effect of removing 
the obstruction. A sample of the model's output listing of this matrix 
is shown as Figure 4.
Depths. Depths at each grid point are brought into the program via 
the subroutine DEPTH. Within the routine and before entering the main 
body program for computations, the depths are converted (in this case) 
to meters (the basic unit used in the computations, although output is 
in centimeter units). Conversion at this point is only a matter of 
changing the constant, thus allowing two things:
1. Depths can be entered in whatever units are convenient
2. The investigator need not search further to verify the effect
of a unit change on computations
A sample of the model’s listing of input depths is shown in 
Figure 5.
Chezy friction factors. The Chezy Friction Factors are entered in 
a manner similar to that of the depths, via subroutine CHEZY, per 
Leendertse (1967). Considerable discussion is given by Leendertse 
(1967) and Dronkers (1964) to correct empirical formulation for this 
value. It is a depth- and roughness-dependent formula with empirical 
constants. The correctness of choice, of course, is determined by the 
output of the model. Several formulae, all giving about the same 
results for the Chezy Friction Factor (C), were tested.
The following formula was used in the model:
C = 16.3 £n (100 h/d)
Figure 4. Model computational field. Digit 1 indicates a point at 
which computations are performed.
hi t;
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Figure 5. Depths in feet were taken from USC&GS Charts 1267, 68, 70, 




d = 5 = bottom roughness in centimeters
h = depth in meters
A sample of the model*s listing of input Chezy factors is shown in 
Figure 6.
Tides. Tidal heights at all open boundary grid points are deter­
mined in a subroutine called OPEN, The inputs to this routine, however, 
are the tidal heights, which are brought into the program through the 
subroutine KURIH. The latter is based on that of Leendertse (1967).
This routine (KURIH) is designed to read in tidal heights for each 
time step for each point or tidal station in or near the model area for 
which the values are known. For the Chandeleur-Breton area it was most 
convenient to read in values from six tide stations. They will be 
identified in a later section. It is possible, of course, that tidal 
constituents could be read in for various stations (if available or 
known), and the routine could be reprogrammed to compute tidal eleva­
tions for the required stations and time increments. The routine OPEN 
only requires getting the values as stored by KURIH, not having any part 
in their creation. In the Chandeleur-Breton area, not enough of the 
station constituents were available, ergo the decision to read in values 
at half-hour intervals for all stations.
The OPEN subroutine is the one routine in the program that must be 
styled for the project area. Essentially, this routine sets up extrapo­
lation and interpolation formulae to create tidal heights at each open 
boundary grid point on the basis of the values at known points as 
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Breton area shows several examples of linear Interpolation which could 
be followed easily, but any degree of sophistication is possible. In 
any case, the programming requirement is quite elementary and should not 
present a problem to another investigator.
Winds. Leendertse's (1967) model did not include wind input, but 
he did discuss it as an option. The modified computational model does 
include wind.
The basic wind theory and formulation are adapted from that of Wu 
(1969) and are identified in the subroutine WIND. As mentioned earlier, 
the only program inputs required are the wind speed and direction and 





Pa c u10 sin a 
wy =  p ( h + 0
(17)
Unfortunately, it was not discovered until long after the model had
been run with wind input and the computer was not available for reruns
that, through a programming oversight, two somewhat compensating errors
had been made in the use of the above formulae. The factor p / p  wasa
omitted, which, with pa  = 1.25 x 10”^ and p = 1.025 or pf l / p  = 1.22 x 
10~3, would have meant that the model wind effect was 1 x 10^ times 
larger than it should be. The somewhat compensating error, however, was 
that, in solving the finite-difference equations for the equations of
motion as used in the model, Wx and Wy should have been multiplied by 
the factor t/2 = 1.8 x 10^, which is the half time step in seconds, but 
this was also omitted. The result is:
^  x AL = 1.22 x 10"3 x 1.8 x 103 = 2.2P 2
In other words, the wind term as used was only about half as
effective as it should have been. Because the wind term is additive
in the solution of the equations of motion (24), the velocities should 
have been somewhat greater, and likewise the solution for the con­
current wave elevation, which is a function of the velocities, should 
also have increased. The magnitudes of the increase are difficult to 
determine because of the relative magnitudes of so many additive terms, 
but an estimate might be a 50 percent increase in a given wind effect 
value.
In essence, the model will show reasonable wind effect results, 
which are, in fact, even somewhat larger in magnitude than shown. This 
circumstance will be discussed further In the section pertaining to wind 
test results.
Continuing with features of the model and wind subroutine, the 
model is presently set up to accept input wind speeds in miles per hour, 
the common unit of measurement in climatological records. The program 
converts to meters per second for computations.
Originally the model lacked stability when winds were entered or 
stopped suddenly but was stable if winds were entered at the first time 
step and allowed to remain until the end of the run. This instability
was eliminated by incorporating a simple linear ramping routine in the
wind subroutine that allowed winds to be entered or stopped at any 
given time.
Basically, the model monitors the time steps, and when it reaches 
four half time steps preceding the given start or stop time step it 
begins to enter or end the wind at each of the next four half time 
steps in cumulative increments of the full value. Because a half 
time step is 0.5 hour, it takes two time steps or 2 hours to fully ramp 
the wind in and out of the program. This, in fact, would not be too far 
from natural conditions, the exception being the sudden passage of a 
weather front.
Computational term options. For analytical purposes one may run 
the model with or without any combination of the four following terms, 
which were defined earlier but are repeated again:
Convective Inertia (or non-linear acceleration terms):




2 to sin <f> * U
and (33)
2 to s i n  <f> • V
where
to = 7.29 x 10"^ sec“^ « earth’s angular rotation 
<j> = latitude of the area
Bottom Friction:
Fxb _ g UCU2 + V2)1/2 Fyb _ g vcu2 + V2)1^  n ,.
C2(h+C) c2(b+c5
Wind Force:
2 2 Pa C U.. sin a p C U-_ cos a
w*   “ d Wy * ---- X o —  (17)
Control of these options is quite simple. The first four input data 
card variables listed in the main body of the program require only a 
value of one (1) if the term is to be used or a zero (0) if it is to be 
omitted. The investigator need not trace the terms through the main 
body formulation (which, as mentioned earlier, is over 1000 lines) 
inasmuch as the programming operates on these original control numbers 
and will automatically Include or delete the terms wherever they appear
Output
As mentioned in the preceding section, the investigator may choose 
via an input digit (0, 1, or 2) to the model, to receive the output in 
listing, plotted format, or both. These options are also handled by 
subroutines for easy revision. The following values are computed for 
each grid point, for every time step, and can all be made available or 
can be made available at, for example, increments of every second, 
third, etc., time step. The choice is dictated primarily by frequency 
rather than by total elapsed time over which one wants to examine the 
output data.
1. Surface elevations
2. Current flow azimuth
3. Resultant current speed
4. East-west component of current velocity
5. North-south component of current velocity
6. East-west component of volume flow
7. North-south component of volume flow
8. Resultant volume flow (or transport)
A sample of the model’s output listing is shown as figure 7.
Data
Observed field data— currents. The observed current and tidal data 
used in this study to evaluate the validity of the model are located at 
the positions shown in Figure 8.
Most of the data was collected and made available by elements of 
the former U.S. Coast & Geodetic Survey, now referred to as National 
Ocean Survey (NOS).
The current data at the locations shown were obtained during their 
Mississippi River Gulf Outlet survey, ergo the concentration in that 
area. The limited data, although the result of a major collection 
effort in the estuary, show clearly the value of a good computer model 
simulation.
The data were taken by two ships (USC&GS Ferrel and USC&GS Marmer) 
over a period of 6 months in 1968. Both Geodyne and Roberts meters were 
used, and where possible one meter was suspended at a depth of 15 feet 
and another at 30 feet. An index to the data is shown in Table 1. All 
current data include direction in degrees and speed in knots. Roberts 
meter data were in the form of graphical plots from hourly observations 
of both direction and speed. Geodyne meter data were in the form of an
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Figure 8. Data station locations. Tide prediction stations are shown 
as a star. Current observation stations are shown as a solid dot.
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IBM listing for observations at roughly 10-minute time increments.
The 15- and 30-foot currents at a given point generally agreed in 
direction with speed within 0.1 knot (5 cm/sec). This, of course, is 
quite supportive of the assumption that a vertically averaged current 




Station Depth Survey Dates (1968) Tides Meter Ship
No. (feet) Start End
2 15 9-04 10-03 E G F
3 15 9-20 10-07 E G F
4 10 4-09 4-08 T G M
5 6 9-18 9-26 E R F
6 9 7-27 8-14 A G F
8 15&30 8-16 9-03 A G F
9 15 7-25 7-28 A G F
10 15 4-28 5-06 T G M
12 3.5 8-07 8-24 A R F
13 15&30 9-17 10-03 E R F
15 15 7-27 8-05 A G F
15 15 8-26 9-01 A G F
18 15&30 8-21 9-07 A R F
19 15&30 8-21 9-10 A R F
20 15 4-19 5-05 T G M&F
Note: G = Geodyne meter E » Equatorial
R = Roberts meter T = Tropic
F = USC&GS Ferrel A = Average
M = USC&GS Manner
Detailed inspection of the data revealed several facts:
1. It may be noted from Table 1 that data were not observed 
simultaneously at all fourteen stations but simultaneous observations 
were taken in groups of about three stations at a time.
2. Fortunately, the simultaneous observations were taken at
stations differing widely in position, and each group happened to cover 
a different period in the monthly tidal cycle. This situation will be 
amplified in a later section, but essentially it offered the means by 
which the computational model could be given a rather comprehensive 
verification.
3. Unfortunately, the data, as will be shown later, were not of 
high quality. The readings appeared ragged and not representative of a 
smoothly flowing and progressively changing current. This circumstance, 
of course, raises considerable speculation as to the detailed quanti­
tative accuracy of the computational model when comparisons are made for 
a given point and time.
Tides. Tidal heights used to pulse or drive the model as input to 
the open bounds were predicted tides, derived directly from the Tide 
Tables (1968).
Predicted tides were used because sufficient observed data were not 
available for the period during which all the current data were ob­
served. The Corps of Engineers, New Orleans District, was able, how­
ever, to supply a limited amount of observed (1970) data for a station 
at Gardner Island. Comparison with predicted values indicated that the 
correlation was quite good.
In characterizing the estuary, a brief discussion of tides in the 
area is warranted. Certain features, in fact, dictated the conditions 
under which the model was run in order to be most representative of the 
area.
Tides are discussed in great detail in many classic texts, e.g., 
Defant (1961), Ippen (1966), Neumann and Pierson (1966), and Sverdrup et 
al. (1946). Most concise and apropos, however, is Mariner (1951) in
explaining the key factors influencing the diurnal tides which affect 
the Louisiana area.
The daily range of the tide in a given location is rarely constant 
and may be caused to vary by a number of things. The principal vari­
ations, however, are due to the periodic changes in the moon’s phase, 
paralax, and declination. Mariner gives an example of Pensacola (on 
which the Chandeleur-Breton predictions are based) and observes that 
daily tidal variation is affected primarily by the moon's declination.
Usually the most noticeable variation is due to the moon's phase. 
Tides rise highest and fall lowest about the times of new and full moon 
and are referred to as spring tides. Neap tides, which rise least and 
fall least, occur about the times of the moon's first and third 
quarters.
The second cause of variation is often paralax, or the moon's rela­
tive distance to earth. At perigee (nearest to earth) highs are higher 
and lows are lower than usual. At apogee (farthest from earth) tides 
rise and fall less than usual.
The third major cause of range variation is the moon's declination. 
When the moon is close to the equator the daily highs and lows vary 
least and the tide is referred to as an equatorial tide. Conversely, 
when the moon reaches its maximum, or tropic, declination, the rise and 
fall are at a maximum, a situation which is referred to as a tropic 
tide.
Proceeding, then, on the assumption that the predicted tides were 
representative of the area, the moon's ephemeris data were correlated 
with that of the tide table for a year's period. In conformance with 
the foregoing, the semi-monthly spring tides occurred near new or full
44
moon but always near maximum declination. Apogee and perigee were not 
consistently effective.
The monthly greatest daily range difference, however, always 
occurred near maximum southern declination, which of course is about the 
same angular distance below the equator as the latitude of the Louisiana 
coast is north of the equator. Briefly, maximum angular eccentricity 
was achieved.
The maximum daily range difference throughout the year (1968) 
occurred about 10-13 June, when the moon was full, at perigee, and near 
maximum southern declination.
Lowest tides always occurred with the moon at about zero declina­
tion (on the equator).
In order to represent the model area during periods of minimum, 
average, and maximum daily tidal range, the tide tables were scanned for 
data covering the periods of current observations and for the signifi­
cant periods of equatorial, average, and tropic tides, respectively. As 
it happened, current observations were taken at several stations simul­
taneously at each of these significant range periods. The effects will 
be pointed out in a later section.
The computational model was driven by predicted tidal heights, at 
0.5-hour intervals, from the six stations listed in Table 2. The table 
also shows their relative phase lag. Input tides will be listed as they 
apply to later sections of the study.
Wind. Observed wind data were not available for the period during 
which the NOS (USC&GS) ships Manner and Ferrel recorded current data. 
Therefore, representative wind conditions were obtained from the tables 



















Cat Island (F) 30°14’ 89°10' -0 44 +0 07 +0.4 0.0 1.7 0.8
Ship Island (E) 30°13' 88°59' -0 42 -0 30 +0.4 0.0 1.7 0.8
Horn Island (E) 30°13' 88°29' -0 31 -0 53 +0.4 0.0 1.7 0.8
Chandeleur Light (D) 30°03' 88°52' -0 39 -0 21 -0.1 0.0 1.2 0.6
Breton Island (A) 29°30' 89°10* -0 21 -0 15 0.0 0.0 1.3 0.7
Jack Bay (B) 29=22’ 89021l +0 12 +0 30 -0.1 0.0 1.2 0.6
Lonesome Bayou (C) 29°14' 89°03' -2 35 -2 47 -0.2 0.0 1.1 0.5
NOTE: Time and height relative to Pensacola (TM 90°).
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The actual figures used were the approximate average monthly wind 
speed and direction. It should be noted, however, that wind speeds are 
not high in the New Orleans area, averaging only about 5 or 6 miles per 
hours. Noting the criteria and formulation of Wu (1969) as presented 
earlier, one would expect little effect from these low-velocity winds.
To emphasize the effect, therefore, the model was run with 20 mph winds. 
The effect will be discussed in a later section.
Depth. The water depths at each grid point were scaled from 
large-scale charts applicable to the pre-Camille conditions of 1968.
The charts were USC&GS-1267, -1268, -1270, and -1271. A small-scale 
representation is shown in Figure 9.
The rather uniform depths should be noted, since the model water 
surface elevation and currents will be shown to have distinct patterns 
that are not readily indicated by the hydrography. Points to note are: 
Basically the whole estuary inside the island arc is rather flat, 
the channel depth being about 15 to 18 feet. There is a smooth, uniform 
gradient to the marsh side (west) but a relatively abrupt rise to the 
island arc (east). Three channel scours exist, one on each side of 
Breton Island and one outside (north) Chandeleur Island. Outside the 
island arc the bottom drops off rather uniformly to about 150 feet in 
the southeastern corner of the model area.
I
CHANDELEUR-BRETOI 
SOUNDS ESTUARY f f
Depths (ft)






figure 9. Depth contours in feet as consistent with source charts.
VERIFICATION OF MODEL'S COMPUTATIONAL ACCURACY 
AND ACCUMULATED ERROR CONTROL
The first question to be resolved in the use of the model was 
whether or not the computational scheme introduced any significant 
errors over a tidal cycle, or whether the model could be considered 
truly representative of the input conditions.
Real tides from the six input stations were not conducive to this 
test, since as discussed earlier they vary from day to day in period and 
range. Instead, a representative magnitude and period were determined 
for each station, and tidal curves were plotted as sine curves. The 
data are given in Table 3. In this way it was known that at the end of 
one tidal cycle all input tides had returned to their starting values. 
The output of the model, therefore, might be expected to return to its 
starting value. Additionally, as is to be expected with any model of 
this nature, a certain number of time steps (computing cycles) must be 
run in order to overcome the start-up effect.
The model was run for a 2 1/2-day (60-hour period), and hourly 
outputs of surface elevation and currents were obtained. Selected 
output plots are included as Figures 10 and 11. Figures 10 and 11 show 
contours which, when compared, verify that for surface elevations, after 
the model had been run for a period of 36 hours, no significant error 
was being accumulated. Similarly, Figures 12 and 13 show contours which 




INPUT TIDAL HEIGHTS (FT) 
SINE CURVE TIDES -  TEST DATA 
t im e  t i d e  stat ion s
STEP DAY hour A C D E F
1 I .350 .270 • 660 .330 .510 .510
2 1 1 .430 .330 .750 .410 .620 .620
3 1 .520 .410 . 860 .500 .750 .750
4 1 2 .620 .500 .960 .590 .880 .8 60
5 1 .730 .590 1.040 .690 1.010 1.010
6 1 3 .840 • 690 I .140 .600 1.150 1 .150
7 1 .950 .800 1.230 .900 1.990 1.290
8 1 4 1.060 .900 1.310 1.000 1.420 1.420
9 1 1.170 i .n n o 1.38 0 1 .110 1.550 1.550
10 1 5 1.280 1.110 1.450 1.210 1.680 1.680
11 1 1.300 1.210 1.500 1.300 1.790 1.790
12 I 6 1.470 1,300 1.540 1.390 1» °90 1.690
13 1 1.550 1.390 1.570 1.470 1.^80 I .980
14 1 7 1.620 1.470 1 .590 1.530 2.^60 2.060
15 1 1.690 1.530 1.600 1.590 2.120 2.120
16 1 8 1.740 1.590 1.590 1.640 2.160 2.160
17 1 1.770 1.640 1.570 1.670 2.190 2.190
18 1 9 1.790 1.670 1.540 1.690 2.900 2.200
19 1 1.800 1.6Q0 1.500 1.70 0 2.190 2.190
20 1 10 1.790 1.700 1.450 1 .690 2.160 2.160
21 1 1.770 1.690 1.380 1.670 £ . 1 20 2.120
22 1 11 1.740 1.670 1 .310 1.640 2.060 2.060
23 1 1.690 1 ,640 1.230 1.590 1 ,°80 1.Q80
24 1 12 1.620 1.590 1.140 1.530 1.890 1.690
25 1 1 • 550 1.530 1.040 1.470 1.790 1 .790
26 1 13 1.470 1.4 70 .950 1.390 1.680 1.680
2.1 1 1.380 1.390 . 850 1 .300 1.55n 1.550
28 1 14 1.280 1.300 .750 1.210 1.420 1.420
£9 1 1.170 1.210 .660 1.110 1.890 1.290
30 1 15 1.060 1.110 .560 1.000 1.150 1.150
31 1 .950 1.00(0 .470 .900 1.010 1.010
32 . 1 16 .850 .90 0 .390 .600 • 880 .880
33 1 .730 . 800 .320 .690 .750 .750
34 1 17 .620 .690 .250 .590 .620 .620
35 1 .520 .590 .200 .500 .610 .510
36 1 18 .430 ,500 .160 .410 .410 .410
37 1 .350 .410 .130 .330 .320 .320
38 1 19 .280 .330 .110 .270 .240 .240
39 1 .210 .270 .100 .210 .180 .180
4 0 1 20 .160 .210 .110 .160 .140 .140
41 1 .130 .160 .130 .130 .110 .110
42 1 21 .110 .130 .160 .1 10 .100 .100
43 1 .100 .110 .200 .100 .110 .110
44 1 22 .110 .100 .250 .110 .140 .140
45 1 .130 .310 .320 .130 .180 .180
46 1 23 .160 .130 .390 .160 .240 .240
47 1 .210 .3 60 .470 .210 ,320 .320
48 1 24 .280 .210 .560 .270 .410 .410
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TABLE 3
INPUT TIPAL HEIGHTS (FT) 
SINE CURVE TIDES -  TEST DATA
t i .ye t i d e  s t a t io n s
STEP DAY HOUR A C D E F
4 9 2 • 35() .270 . 660 .330 .510 .510
SO 2 1 .430 .330 .750 .410 ,620 .620
s i 2 .520 .410 .850 .500 .750 .750
62 2 2 .620 ,500 .950 .590 .880 .080
S3 2 .730 .590 1.040 .690 1 • n3 0 1.010
54 2 3 .040 .690 1,140 .000 1.150 1.150
35 2 .950 .800 1.230 .900 1.290 1.290
36 2 4 1.060 .900 1.310 1.000 1. tl20 1.420
37 2 1.170 i .n o o 1.380 1.110 1.550 1.550
30 2 5 1.280 1.110 1.450 1.210 1.680 1.690
39 2 1.360 1.210 1.500 1.300 1.790 1.790
eo 2 6 1.470 1.300 1.540 1.390 1.890 1.890
61 2 1.550 1,300 1.570 1.470 l . Q80 1.080
a2 2 7 1.620 1.470 1.590 1.530 2,060 ?.oon
63 2 1.69U 1.530 1.600 1.590 2.120 2.120
u4 2 8 1.740 1.590 1.590 1.640 2.160 2.160
65 2 1.770 1.640 1 .570 1.670 2.190 2.190
^6 2 9 1.790 1.670 1.540 1.690 2.200 2.200
67 2 1.000 1 .690 1,500 1.700 2.190 2,1.90
68 2 10 1.790 1.70 0 1.450 1.690 2.160 2.160
69 2 1.770 1 .690 1.300 1.670 2.120 2.120
70 2 11 1.740 1.670 1.310 1.640 2.060 2.060
71 2 1.690 1.640 1.230 1.5qn l . ° 8 0 1.9B0
72 2 12 1.620 1.590 1.140 1.530 1.090 1.090
73 2 1.550 1 .530 1.040 1.470 1.790 1.790
74 2 13 1.470 1.470 .950 1.390 1.680 1.600
75 2 1.380 1.390 .850 1.300 1.550 1.550
76 2 14 1.280 1.300 .750 1.210 1.420 1.420
77 2 1.170 1.210 .660 1.110 1.290 1.290
70 2 ' 15 1.060 1.110 .560 l .o o n 1.150 1.150
79 2 .950 i .n n o .470 .900 1.810 1,010
50 2 16 .850 .90 0 .390 .800 .880 .000
61 2 .730 .80 0 .320 .690 .750 .750
62 2 17 .620 .690 .250 .590 ,620 .620
b3 2 .520 .590 .200 .500 .510 .510
64 2 18 .430 .500 .160 .410 .410 .410
35 2 .350 .410 .130 .330 .320 .320
06 2 19 .280 .330 .110 .270 .240 -.240
07 2 .210 .270 .100 .210 .180 .100
6 8 2 20 .160 .210 .110 .160 .140 .140
69 2 .130 • 160 .130 .130 .110 .110
90 2 21 .110 .130 .160 .110 ,100 .100
91 2 .100 .110 .200 .100 .110 .110
92 2 22 .110 .100 .250 .110 .140 .140
93 2 .130 .110 .320 .130 .180 .180
94 2 23 .160 .130 .390 .160 .240 .240
95 2 .210 .160 .470 .210 .320 .320
96 2 24 .280 .210 .560 .270 .410 .410
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TaBl f  3
INPUT TIDAL HEIGHTS (FT)
s in e  curve t i d e s  -  test  data 
t im e  t i d e  s t a t io n s
STEP DAY HOUR A 9 C D E F
97 3 .350 .270 .660 .330 .510 .510
98 3 1 .430 .330 .750 .410 .620 .620
99 3 • 52(1 .4 ]0 .850 .500 .750 .750
loO 3 2 .620 ,500 .950 .590 .880 .880
K ' l 3 .730 .590 1.040 .690 1.010 l . n i o
1C2 3 3 • 840 • 690 1.140 • ROO 1.150 1.150
M 3 3 .950 .800 1.230 .900 1.290 1.290
M 4 3 4 1.060 .900 1.310 1.000 1*420 1.420
1C 5 3 1.170 l . n o o 1.360 1.110 1.550 1.550
1 >J6 3 5 1.280 1.110 1 .450 1.210 1.680 1,680
107 3 1.380 1.210 1.500 1 .300 1.790 1.790108 3 6 1.470 1.300 1.540 1.390 1.890 1.890
109 3 1.550 1.390 1.570 1.470 1.980 1.^80
110 3 7 1.620 1.470 1.590 1.530 2.060 2.060
111 3 1.690 1.530 1.600 1 .590 2.120 2.120
112 3 8 1.740 1.590 1.500 1.640 2.160 2.160
113 3 1.770 1.640 1.570 1.670 2.190 2.190
114 3 9 1.790 1.670 1.540 1.690 2.200 2.200
115 3 1 .GOO 1.690 1.500 1.700 2.190 2.190
1)6 3 10 1.790 1.700 1.450 1.690 2.160 2.160
117 3 1.770 1.690 1.380 1.670 2.120 2.120
118 3 11 1.740 1.670 1.310 1.640 2.P60 2.060
119 3 1.690 1.640 1.230 1.590 1.980 1.980
120 3 12 1.620 1.590 1.140 1.530 1.890 1.R90
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Figure 10. Surface elevations, day 2, hour 12, from sine curve tidal
input.
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Figure IX. Surface elevations, day 3, from sine curve tidal input.
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Figure 12. Currents, day 2, from sine curve tidal input.
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Figure 13. Currentst day 3, from sine curve tidal input.
directions was being accumulated.
Actually, examination of all the data sheets showed that start-up 
effect was beginning to disappear after only 3 hours and that by 15 to 
18 hours the match was within 5 percent of full-scale surface elevation 
values and within 5-10 percent of full-scale current speed values. It 
can be concluded, therefore, that start-up effect is just about totally 
eliminated after the initial day's computational run. Therefore, after 
this period the output of the model is reflecting reliably the direct 
influence of the input data.
VERIFICATION OF MODEL’S SIMULATION ACCURACY 
(MODEL OUTPUT VS. OBSERVED FIELD DATA)
Having shown that the model is computationally accurate, the most 
critical requirement was to test it against real data for true accuracy.
Dates of current observations, station number, and current tidal 
type are given in Table 1. From this table and Figures 4 and 8, where 
the stations may be located, one can see that during each of the four 
data collection periods the combination of stations is different. They 
are also separated by considerable distance and are each located in 
areas of specific interest in the estuary.
These facts not only allow 15 straightforward comparisons of model 
output to observed data, but they also provide information for comment 
on the following:
1. Each of the four groups of stations contains one or more sta­
tions outside and concurrently inside the estuary (assuming the Chande­
leur Island-Breton Island arc to be the boundary).
2. The foregoing allows comment on the effect of shallow or deep 
water or open sea compared to the enclosed estuary.
3. In each group, one or more stations is in a high and another is 
in' a low current velocity location.
4. In each group there is a station near a boundary (open or 
closed), and there are others several grid distances out from the 
nearest bound.
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5. Observations were made during periods of low tidal range 
(equatorial tide— 22 September 1968), average range (27-28 July and 23- 
24 August 1968), and finally maximum daily range (tropic tides— 30 
April-1 May 1968). The tides for 22-24 August 1968 are included as 
Table 4 because they are the input for several tests. The remainder are 
included as Appendix A. To perform these tests, the model was run using 
tide and wind conditions applicable to the observation dates and times. 
Note, for example, in Table 4 that the average range is about 1.5 to 2 
feet and the period is about 25 hours, and for tropic tides the range is 
2.5 to 3 feet and about 0.5 feet at equatorial range.
Working from the output data listing (which, though tedious, was 
simple and efficient), component velocities were extracted and tabulated 
for each hour. The synchronous observed currents were reduced to 
components by an auxiliary program,
A plotter program was written to accept concurrent field and model 
data and plot the results, as shown in Figures 14 to 16 and Appendix B. 
In some cases the comparisons were excellent, but others were disturb­
ing. Definitive reasons for the differences are not apparent, but the 
following suppositions and discussions are warranted.
Note first in Appendix B that the field data are quite ragged.
Local high-frequency disturbances may have been in effect; however, some 
effect seems attributable to instrumentation malfunction. Actually, raw 
data were represented by smooth least squares fit, Fourier Series 
curves; but, though more presentable, the true nature of the data was 
not apparent. The good comparisons with model data tended to look too 
good, while the raggedness, which might have partially explained some of 
the poor fits, was also lost. The uncorrected data were thus chosen for
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TABLE 4 
INPUT TIDAL HEIGHTS (FT)
AVERAGE TIDES 0030 22AUG -  1200 24AUGf 68 
TIME TIDE STATIONS
STEP DAY HOUR A B C D E F
1 1 .600 .450 .870 .600 .740 .580
2 1 1 .700 ,520 ,940 . 660 .850 .700
3 1 ,760 .620 1.000 .750 .970 .840
4 1 2 ,860 .700 1.070 .830 1.090 .950
5 1 .950 .780 1.150 .910 1.200 1.080
6 1 3 1.040 .870 1.220 .980 1.300 1.220
7 1 1.140 .960 1.260 1.080 1.400 1.340
8 1 4 1.230 1.050 1.360 1.150 1.520 1.470
9 1 1.320 1.130 1.420 1.230 1.630 1.580
10 1 5 1.400 1.220 1.480 1.320 1.730 1.700
11 1 1.480 1.280 1.520 1.400 1.840 1.800
12 1 6 1.560 1.360 1.560 1.450 1.920 1.880
13 1 1,620 1.420 1.580 1.520 2.000 1.960
14 1 7 1.680 1.480 1.600 1.580 2.070 2.040
15 1 1.730 1.550 1.580 1.630 2.130 2.100
16 1 e 1.760 1,600 1.540 1.660 2.160 2.150
17 1 1.780 1.640 1.480 1.690 2.190 2.180
18 1 o 1.790 1.660 1.420 1.690 2.180 2.180
19 1 1.780 1.6R0 1.350 1.670 2.130 2.120
20 1 10 1.750 1.6R0 1.270 1.630 2,080 2.060
21 1 1.720 1.660 1.180 1.580 2.030 2.000
22 1 11 1.680 1.630 1.100 1.520 1.940 1.920
23 1 1.620 1.570 1.020 1.450 1,850 1.840
24 1 12 1.540 1.510 .920 1.370 1.740 1.740
25 1 1.450 1,440 .840 1.300 1.640 1.650
26 1 13 1.360 1,360 .750 1.200 1.520 1.550
27 1 1.270 1.200 .660 1.120 1.400 1 .450
28 1 14 1.170 1.200 .580 1.030 1.270 1.350
29 1 1.070 1.110 .500 .940 1.160 1.230
30 1 15 .950 1.010 .420 .850 1.050 1.120
31 1 .850 .910 .350 .760 .920 1.010
32 1 16 .740 .810 .270 .670 .800 .900
33 1 .630 .720 .210 .560 .690 .790
34 1 17 .530 .620 .160 .490 ,580 .680
35 1 .450 .520 .110 .400 ,470 .530
36 1 18 .360 .440 ,100 .320 .360 .480
37 1 .260 .350 .100 .250 .280 .390
30 1 19 .200 .250 .120 .180 .220 .300
39 1 .150 .200 .130 .140 .150 ,230
40 1 20 .120 .150 .180 .100 .120 .170
41 1 .100 .130 .230 .100 .100 .100
42 1 21 .100 .100 .280 .100 .100 .100
43 1 .110 .100 .340 .110 .120 .100
44 1 22 .140 .100 .410 .130 .160 .100
45 1 .170 .110 .470 .160 .200 .130
46 1 23 .220 .140 .550 .220 .260 .180
47 1 .260 .180 .600 .280 .350 .240
48 1 24 .360 .240 • 660 .350 .440 .330
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TABLE 4
in p u t  t i d a l  h e ig h t s  ( ft j
AVERAGE TIDES 0030 22AUG -  1200 24AUG*68
t i m e t i d e s t a t io n s
STEP DAY HOUR A B C D E F
49 2 .450 .300 .750 .430 .530 .430
50 2 1 .520 .370 .810 .500 .650 .520
51 2 .580 .450 .870 .580 .760 .630
52 2 2 .670 .520 .940 * 660 .880 .750
53 2 .750 .600 .020 .750 .990 .880
54- 2 3 .820 .680 .080 .830 1.100 1,010
55 2 .910 .760 ,150 .890 1.200 1.120
56 2 4 1.000 ,850 .200 .970 1.310 1.240
57 2 1.100 .910 .270 1.040 1.400 1.350
58 2 5 1.180 • Q80 .320 1.120 1.500 1.460
59 2 1.260 1.070 .380 1.200 1.600 1.580
60 2 6 1.340 1.130 .410 1.260 1.690 1.670
61 2 1.400 1.220 .450 1.350 1.780 1.750
62 2 7 1.470 1.300 .470 1.420 1.860 1.840
63 2 1.530 1.360 .490 1.470 1.930 1.900
64 2 ' 8 1.580 1.430 .490 1.520 1.990 1.980
65 2 1.630 1.480 .460 1.560 2.040 2.030
66 2 9 1.670 1.530 .430 1.600 2.070 2.070
67 2 1.680 1.570 .400 1.600 2.100 2.100
68 2 10 1.700 1,600 .350 1.590 2.090 2.090
69 2 1.680 1.600 .290 1.570 2.070 2.050
70 2 11 1.660 1.600 .220 1.530 2.030 2.000
71 2 1.620 1.590 .150 1.480 l . ° 7 0 1.940
72 2 12 1.580 1.550 .070 1.410 1.870 1.850
73 2 1.520 1.500 .000 1.370 1.770 1.770
74 2 13 1.450 1.440 .930 1.300 1.680 1.680
75 2 1.360 1.360 .870 1.240 1.590 1.600
76 2 14 1.290 1.300 .800 1.160 1.490 1.500
77 2 1.200 1.220 .720 l.OQO 1.370 1.400
78 2 15 1.100 1.150 .660 1.010 1.260 1.310
79 2 1.020 1.060 .600 .930 1.150 1.220
60 2 16 .920 • 9R0 .520 .860 1.O60 1.120
61 2 .830 .900 .450 .780 .960 1,030
02 2 17 .750 .850 .400 .700 .860 .920
03 2 *660 .760 .360 .640 .760 .840
04 2 18 .580 .690 .330 .570 .660 .730
85 2 .500 .600 .300 .490 .570 .630
06 2 19 .450 .550 .300 .440 .480 .550
37 2 .380 .470 .300 .400 .420 .480
68 2 20 .330 .400 .310 .350 .380 .380
09 2 .310 .350 .330 .320 .320 .320
90 2 21 .300 .320 .350 .300 .300 .300
91 2 .300 .300 .390 .300 . 300 .300
92 2 22 .300 .300 .430 .300 .300 .300
93 2 • 300 .300 .480 .320 .350 .320
94 2 23 .320 .310 .530 .360 .380 .340
95 2 • 350 .320 .580 .390 .420 .370
96 2 24 .400 .360 .650 .440 .500 .430
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TABLE 4 
INPUT TIDAL HEIGHTS (FT)
AVERAGE TIDES 0030 22AUG -  1200 24AUG*68
time
STEP DAY HOUR A
t i d e  s t a t io n s
B C D E F
97 3 . ‘+50 .400 .700 .490 .570 .490
98 3 1 .500 .450 .760 .530 .660 .550
^9 3 .680 .500 .830 .580 .730 .650
1U0 3 2 .650 .560 .890 .650 .850 ,750
101 3 .700 .610 .950 .720 .930 .850
102 3 3 .770 .670 1.000 .800 1.020 .950
103 3 .860 .740 1.050 .860 1.110 1.040
104 3 4 .950 .800 1.100 .940 1.200 1.130
105 3 1.020 .870 1.160 1.000 1.300 1.220
106 3 5 1.100 ,940 1.210 1.070 1.380 1.300
lu7 3 1.170 1,00 0 1.250 1.120 1.460 1.400
100 3 6 1.250 1.070 1.300 1.200 1.550 1.500
109 3 1.320 1.320 1.130 1.250 1.630 1.570
110 3 7 1.390 1.210 1.360 1.320 1.700 1.660
111 3 1.440 1.270 1.390 1.350 1.760 1.740
112 3 8 1.480 1.330 1.400 1.400 1.800 1,800
113 3 1.520 1.400 1.400 1.420 1.860 1.860
114 3 9 1.560 1.420 1.400 1.450 1.920 1.920
115 3 1.580 1.450 1.380 1.470 1.950 1.950
116 3 10 1.600 1,480 1.350 1.490 2.000 2.000
117 3 1.600 1.490 1,300 1.500 2.O00 2.000
118 3 11 1.600 1.500 1.250 1.500 2,000 2.000
119 3 1.590 1,500 1.200 1.480 1.950 1.950
120 3 12' 1.560 1.500 1.130 1.450 1.850 1.850
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Figure 14. Comparison, real to model currents, station 15.
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Figure 16. Comparison, real to model currents, station 2.
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illustration. In any event, individual current component values, espe­
cially for comparative purposes, might reasonably be assumed accurate 
within 5 to 10 cm/sec (0.1 to 0.2 knot) at best.
There was little difficulty in discerning curve frequency when the 
amplitudes were large, and in some cases, particularly at stations 10 
and 15 (the latter is illustrated in Fig. 14), the model and field data 
fit rather well. It is noted, of course, that these stations are 
located in the main channel and entrances just north and south of Breton 
Island, where currents are more pronounced in both amplitude and direc­
tion.
It was somewhat more difficult to discern a period for the low- 
amplitude data, but in most cases (stations 3, 5, 6, 12, 13, 18, and 19; 
Appendix B) the model data appeared to be a good simulation of both 
period and amplitude. Figure 15 (station 3) is typical. It was par­
ticularly interesting to note that both the model and the field data 
showed the rather uniform amplitude and long period that would be 
expected during an equatorial tide cycle (stations 2, 3, 5, and 13; 
Appendix B).
Note that comparisons for stations 2 (Fig. 16), 8, and 9 (Appendix 
B) do not fit well in one component direction and possibly each for the 
same reason. All three are near the edge of the model area. The east- 
west data for stations 8 and 9 look particularly ragged, which might be 
a local open-sea disturbance effect. Neither this nor what might be a 
small phase shift could be expected to be accurately simulated by the 
interpolation of smooth predicted input tides.
The real discrepancy, however, appears to lie with the side wall 
effects of the model. The misfit is with the east-west component of
station 2 (Fig. 16) and with the north-south component of stations 8 and 
9 (Appendix B). In all three cases this is the direction normal to the 
adjacent open boundary. Station 2 is on column 40, which is only two 
columns in from the boundary. Stations 8 and 9 are on row 2, which is 
only one row in.
It seems logical, therefore, that, in the same way that a time step 
lag was required to eliminate start-up effects, the model requires a few 
grid points* buffer from an open bound before its input effect is prop­
erly merged.
Further support is suggested by noting the comparisons for stations 
4, 10, and 20 (Appendix B), which were taken during a tropic tide 
period. The field data reflect the exaggerated range difference, but 
only station 10 is a good comparison. Station 20 on column 12 is only 
one column from a boundary and does not match in its east-west com­
ponent. Likewise, station 20 is on row 20 and is diagonally one grid 
away from an upper and lower boundary, and its north-south component 
velocity comparison Is not good.
Station 4 is an enigma. It is possible that the input depths in 
the area are not too accurate. The field data were recorded at a depth 
of 10 feet. At the coordinates for station 4 there is a model depth 
of 17 feet and an atypical (for this estuary) rather abrupt rise on all 
sides. Increased model depth does have the effect of reducing current 
amplitude (which is the comparison discrepancy).
In summary, it may be concluded, considering the good comparisons, 
the ragged field data, and the explanations for those points where 
comparisons were not good, that the computational model simulation 
accuracy is quite reasonable.
A caveat is necessary, however. As demonstrated, the model is 
simulating a real area. There are numerous irregular-shaped boundaries. 
It is the author's opinion that the model is giving a realistic gross 
simulation of the area, but details around edges, sharp points, etc., 
may be suspect. This, too, should not be unreasonable to investigators 
who have worked with this type problem in that considerable interpre­
tation is warranted and should be expected in certain areas. Simulation 
in essence will establish rational trends, such as over wide, unre­
stricted areas or even narrow, long embayments. Single points, however, 
may remain suspect.
The easiest way, of course, to resolve the doubt if detail is 
needed at a given point would be to model that small area at a much 
larger scale than used in the gross model. Input to the large-scale 
model can come from the gross model at the points where confidence in 
their accuracy allows its use.
DETERMINATION OF THE EFFECT OF TERMS
Testing the effect of various terms in the equations of motion (4) 
was made possible by systematic application of the optional term con­
trols , which are, as described earlier, a feature of the computational 
model.
The model was run, except for the wind tests, using tidal data for 
the period 22-24 August 1968 (shown in Table 4), during which average 
tidal range conditions existed. It may be assumed that, had equatorial 
or tropic tidal conditions existed, the following results would be 
somewhat exaggerated.
Basically the method used, except for the wind tests, was to run 
the model with as few terms in effect as possible and then to run it 
again, each time with only one of the three subject terms added. From 
the output listing at a matrix of every fifth grid point the hourly 
values of surface elevation and velocity for two tidal cycles were then 
recorded for each run. The tabulated differences provided the data for 
the following observations.
Coriolis. The effect of inclusion of these terms (equations 33) 
was to increase the surface elevation about 2-8 percent of the full 
local range. Ranges were 35 cm in the southeastern comer and up to 60 
cm near the northwestern comer of the model. The actual magnitude of 
the terms' contributions was 1-3 cm (5 cm maximum).
Upon including the Coriolis terms the surface elevation rose most,
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about 34 cm on south-to-north flow Inside the estuary and only 1-2 cm 
outside on the north-to-south flow. Generally these are the directions 
of the more pronounced steady and slightly faster flows.
Generally current speed was decreased 1-10 cm/sec (about 17 cm/sec 
maximum). The greatest effect (5-15 cm/sec) was outside the estuary 
on the more pronounced north-to-south flow. Inside the estuary the 
decrease was only 1-3 cm/sec.
As might be expected when this term was included, generally the 
currents were turned to the right (azimuth increase) from 1 to 60 
degrees in the rising and falling tides, when currents were stronger.
At slack periods at high and low tides there were occasional shifts as 
much as 90 degrees.
In summary, therefore, Coriolis terms can have a 2-10 percent net 
effect on surface elevations and current speeds with an expected direc­
tional turning effect of 10-20 degrees or more, provided, of course, 
that the study area is large enough in area to show an effect.
Convective inertia. These terms [equations (32)] are often con­
sidered negligible and thus omitted from computing schemes. As the 
following will indicate, they are not exactly negligible, but their 
effect is rather small, not too consistent, and just about at the accu­
racy confidence level for the model. Upon inclusion this term had 
negligible (1 cm maximum) effect on surface elevation. To stretch a 
point, one might detect a slightly greater effect inside the estuary 
than outside. Upon inclusion of these terms, current speeds generally 
increased 1-5 cm/sec when currents were maximum, at rising and falling. 
This was not entirely consistent, however, since this was the case 
primarily on the southeastern end of the model, while current speeds
decreased 1-3 cm/sec on the northeastern and northern sides of the 
model. Upon including these terms, current direction or azimuth in­
creased 1-2A degrees (currents turned to the right) on rising tides and 
paradoxically decreased 1-2 degrees on ebbing tides on the outside of 
the estuary. Inside the estuary, however, the azimuth effect was even 
more inconsistent, varying between ±5 degrees on both rising and falling 
tides at various points. The maximum azimuth increase inside the 
estuary was 10 degrees.
In summary, therefore, these terms might be omitted from most 
computational schemes, unless extreme accuracy is required or unless 
very accurate input data (tides, wind, depth, and area configuration) 
are used, thereby making all terms valid for inclusion.
Bottom friction. Bottom friction is a major term in the computa­
tional system of equations used to model an estuary and, along with the 
continuity, local acceleration, body force (gravity), and if applicable 
wind and Coriolis terms, it should not be omitted in shallow estuary 
studies.
Surface elevation as a result of including this term was generally 
raised 5-25 cm, which Is about 25 to 50 percent of the tidal range.
Since the friction term is primarily a function of current speed, the 
term was most effective when currents were maximum, during ebb and flood 
tides. At the slack of high and low tides surface elevations on occa­
sion decreased 5-15 cm, or about 5 to 20 percent of full-scale values.
Generally, current speed was decreased by 10 to 50 cm/sec during 
maximum ebb and flooding current periods and on occasion up to 65 cm/sec 
at low tide.
The effect on current direction or azimuth was not consistent, but
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it did cause changes at some points up to ±150 degrees at high tide. 
Generally the shift was clockwise (azimuth increase) by 10 to 50 
degrees. The effect was generally less at maximum ebb and flood.
Wind; estuary response to sudden start and stop. This phase of 
the study was undertaken to provide some (possibly only rough and 
approximate) information on the model and estuary's response to a sud­
denly started and equally suddenly stopped wind, as might be the case in 
a frontal passage.
In this test it was again necessary to use the input sine curve 
tidal data listed in Table 3, so that cyclic repetition could be veri­
fied. The same data output that was used previously to verify the 
model's computational accuracy was therefore used again as the "no wind" 
conditions.
A second run was made with one change. Input cards added a 25-knot 
wind blowing to the southwest (240°) down the long axis of the estuary. 
Control cards were set to start this wind after a 24-hour period to 
eliminate start-up effect and finally the wind was stopped after 12 
hours and the model was run another day to provide information on 
settling time.
The first question was whether the wind had reached a steady state 
and, if so, when.
The procedure used was to record the hourly surface elevation, 
current speed, and azimuth at a matrix of every fifth grid point 
throughout the model. The differences at each point for successive 
hours were listed and inspected. When the differences no longer changed, 
wind effect had reached steady state. This occurred at day 2, hour 16,
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which was 16 hours after the wind had started.
The wind had been programmed to stop completely at day 2, hour 24, 
which means it began to ramp out in 20 percent increments beginning four 
time steps or 2 hours earlier. Plots of the steady state wind effect 
(differences from the "no wind" condition) 3 hours before the wind 
stopped are shown in Figures 17 and 18 for surface elevation and cur­
rents, respectively. Figures 19 and 20 show the day 2, hour 24, or 
first full wind stop, differences. Figures 21 and 22 show the surface 
elevation and current difference effects 3 hours after the wind had 
stopped.
Inspecting Figures 17 and 18, it can be seen that the model showed 
the effect of a steady state 25-mph wind blowing down the estuary 
(240°). The surface was somewhat depressed in the lee of the Chandeleur 
chain and rose uniformly to more than 20 cm at the southwestern end of 
the estuary. Currents were shifted to the right (in line with the wind) 
about 20 to 30 degrees, and some points showed completely reversed flow. 
Current speeds increased more than 10 cm/sec on the northern edge of the 
model, gradually decreased to -5 cm/sec about one-quarter of the way to 
the south, and finally increased again to more than 10 cm/sec as the 
wind increased its fetch to the southwest. Figures 17-22 were used to 
illustrate this effect because so much of it depends on the configura­
tion of the estuary.
It must be remembered at this point that, as discussed earlier, the 
model had an error in the wind subroutine that caused the wind friction 
factor to be adding only about 45 percent of its full effect. There­
fore, as was also discussed, we might accentuate the foregoing values 
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Figure 17. Wind effect, surface elevation, 3 hours before wind stop.
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Figure 19. Wind effect, surface elevation, 1st hour of wind stop.
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Figure 22. Wind effect, currents, 3 hours after wind stop.
slope might run up to 30 cm at the southwestern end. The long-axis 
wind-induced slope would then be about 3.5 x 10“ .̂ This value agrees 
very well with the 4 x 10~6 figure observed for wind set-up by Kjerfve 
(1973) in Caminada Bay, just west of the Chandeleur-Breton Sounds 
estuary.
Figures 19 and 20 show results for the first hour the wind had 
stopped. One can see the immediate leveling response of the estuary as 
compared to the set-up attitude shown by the steady state wind in 
Figure 17 and 18. Figures 21 and 22 show that, 3 hours after the wind 
had stopped, its effect was negligible.
In summary, a sudden start and stop to a wind, such as might be 
experienced by the passage of a weather front, had a dramatic effect on 
the estuary. It took about 12-16 hours for the estuary’s response to 
reach steady state in building up to the wind, but it took only about 3- 
6 hours for it to return to normal. Actually, it was 12 hours before 
there was no detectable trace of wind effect.
SIMULATION OF CHANDELEUR-BRETON SOUNDS ESTUARY
Average Tidal Conditions
Data input for this phase of the study were the average tides in 
effect during the period 22-24 August 1968 (Table 4). The output is the 
surface elevation and current flow field diagrams. The quarter-cycle 
diagrams are included as Figures 23-30. The remainder of the hourly 
outputs are included as Appendix C.
The hourly detail, although necessitating the addition of con­
siderable bulk to this document, is provided primarily for future inves­
tigators. It serves as the base from which one can inspect and review 
the hourly transition of the surface elevation and currents in the 
estuary under average tidal conditions.
Note first the low-tide surface elevation form (Fig. 23). At low 
tide the estuary is essentially flat; higher water starts to come in 
from the Gulf on the north and southeast and out of the marshes and 
bays, such as Black Bay, Lake La Fortuna, Eloi Bay, and Drum Bay (posi­
tions are referenced on Fig. 1).
The estuary then fills steadily to mid range (Fig. 24), at which 
point the whole surface is inclined (about 20 cm) from the open bounds 
to the western marshes.
Flooding continues to high tide (a rise of about 55-60 cm) (Fig.
25). At high tide the surface drops uniformly (about 10 cm) from the 
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Figure 23. Average tides, surface elevation, low tide.
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Figure 24. Average tides, surface elevation, maximum rising
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Figure 25- Average tides, surface elevation, high tide.
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Figure 26. Average tides, surface elevation, maximum ebbing
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Figure 27. Average tides, currents, low tide.
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Figure 28. Average tides, currents, maximum rising.
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Figure 29. Average tides, currents, high tide.
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Figure 30. Average tides, currents, maximum ebbing.
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has already fallen about 20 cm on the Gulf boundary. Essentially the 
estuary may be described as a mound of high water. The 10-cm rise over 
the estuary length (45 km) is a slope of about 2 x 10“ ,̂ which agrees 
very well with Kjerfve (1973) and the 10“  ̂values he observed in 
Carainada Bay.
Ebbing to mid range (Fig. 26), the surface now Inclines outward and 
downward (20-30 cm) from the marshes to the open bounds.
At low tide the surface shape is again that of the past low, 
except that the mean elevation has risen 6 or 7 cm owing to the natural 
progression through the monthly equatorial to tropic tidal cycle. The 
hourly progression for average tides can be followed by inspecting the 
diagrams in Appendix C.
One surface elevation noted is an apparent 5- to 10-cm difference 
in elevation on flooding and ebbing on either side of the Chandeleur 
Island to Breton Island arc. Obviously the islands have the effect in 
the model of restricting free flow and causing considerable set-up on 
the flooding side. The model may be accentuating this to some extent, 
since in reality there are numerous small channels between the islands, 
but the phenomenon may be in evidence to some degree under certain 
conditions.
Looking now at the current diagrams (Figs. 27-30), one can see, if 
for no other reason, the convergence zone which separates the estuary 
into the two parts called Breton Sound and Chandeleur Sound. The exact 
boundary of the convergence zone shifts north-south from about Comfort 
to Chicot Islands with the flood driving into the marshes and the ebb 
receding from them.
The predominant southwestward and westward Gulf current, with only 
brief and weak northerly periods occurring, was noted.
The strongest currents come in around Breton Island, ergo the scour 
channels shown earlier in Figure 9.
At low tide within the estuary the currents are weak and confused, 
as one would expect. Several weak gyres and countercurrents exist but 
do not last long.
The incoming tide and current start first, strongest, and domi­
nantly from around Breton Island, but by mid range the currents from the 
north have become well established and are then beginning a relentless 
intrusion southward through the estuary. Note from Tables 2 and 4 that 
the tides at Lonesome Bayou lead the rest, but the ranges are greater on 
the northern end.
By the time the otherwise normal high-tide slack should have been 
in effect, the currents from the north totally dominated, as noted by 
inspecting the diagrams in Appendix C. Throughout most of the estuary, 
except north of a line from Mitchell to the North Islands, the ebbing 
currents then ran out to the southeast past Breton Island.
Attempting to correlate these surface elevation and current field 
patterns with an identifiable wave form Is somewhat speculative, since 
the model simulates real conditions, not ideal cases, and several 
superimposed and inseparable wave systems are probably In effect. A 
description is given in a later section of a rather successful simula­
tion by use of two opposing Kelvin waves.
Wind Effect— On, Off, and Along Shore 
In giving a physical description of the Chandeleur-Breton Sounds 
estuary as shown by a model of its water surface elevation and current 
flow field, it is necessary to show the effect of reasonably typical 
strong winds. To do this, a wind of 20 knots was modeled as blowing 
on the estuary from four critical orthogonal directions (040°, 130°, 
220°, and 310°). These are the approximate onshore, offshore, and 
alongshore directions. To accentuate the effect, tidal input was from a 
tropic tidal period. The tides (listed in Appendix A) are from the 
period 12-13 June 1968.
As in previous tests, the procedure was to run the model in a "no 
wind" condition and then run it again with the same input data but 
including the critical wind. The output plots of surface elevations and 
current flow fields were then compared. The figures shown to illustrate 
the maximum effect are those of the high tropic tide of the diurnal 
cycle on which the model was run. Figures 31-32 are the "no wind" case, 
and Figures 33-40 are the wind effect cases. The remainder of the 
output diagrams that were referred to in making the following observa­
tions are not Included.
The wind directions (040°, 130°, 220°, and 310°) are headings, not 
sources, as in most climatological tables, and are the approximate axial 
directions of the estuary. It is therefore possible to observe maximum 
onshore, offshore, and alongshore effect.
040° wind. The 040° wind is a northeasterly alongshore wind. The 
effect generally was to reduce the surface elevation of the estuary, 
primarily by forcing the water out the northern end past Chandeleur 
Island. Since the northern boundary was fluid, there was no set-up, but
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Figure 32. Wind effect, currents, no wind.
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Figure 34. Wind effect, currents, wind 20 kn/040°.
96
$7  07 07 07 Cl OR 00
CZ r'Z 07 07 07 r.7 F* 50 5T j0‘j
[>7 07 07 00 «S« SO 0
^ 7  r f7  (^7 * $ c
6533KRNDEL.EUR-SREl 
SOUNDS ESTUflR
SURFPCF. l.LE V •( CM
'H S j
70
NFRT‘ 1 Ri \  V
SO so OR 57 07
65b i  _ t  b 7 ‘j 'i
O /
J ' j j  b 'Z *
'. i j  j  b  • ' • "
55
s? b j 5 j S j 3 <
5 3  b j  S i  S i  S i  S'30h
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Figure 38. Wind effect, currents, wind 20 kn/220°.
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Figure 40. Wind effect, currents, wind 20 kn/310°.
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j
one may observe, by comparing Figures 31 and 32 with Figures 33 and 34, 
that there is a scooping effect on the southwestern (lee) end of the 
estuary. A scooping or depression of about 10 cm occurred at all but 
low tide.
During the latter the whole estuarine level decreased from 3 cm in 
the north to 10 cm in the south.
As might be expected, most of the currents which were in opposition 
to the wind, i.e., in a southwesterly direction, were reduced in speed, 
whereas those with the wind were increased. Cross currents, which 
primarily run in and out past Breton Island, were turned only slightly 
to a slower alignment with the wind. In the passage south and southwest 
of Breton Island, currents in opposition to the wind increased slightly.
130° wind. The 130° wind is an offshore wind, but the effect is 
similar to that of the 040° alongshore wind. Comparing Figures 31 and 
32 with Figures 35 and 36, one may observe that the lee or marsh side of 
the estuary was scooped out (depressed) and the surface inclined steadi­
ly upward to the Gulf elevation near Breton Island. The scooping 
action was most pronounced (10 cm) in Black and Eloi Bays, where the 
wind began its longest fetch for the 130° wind direction. A slight set­
up (2-3 cm) was developed inside the Chandeleur Island arc, but only 
around low tide. Apparently incoming and outgoing tides were strong 
enough not to be significantly overcome by the wind.
As expected, especially at low tide, currents tended to align 
closer to the wind direction, but there was surprisingly little signifi­
cant effect. Speeds of currents aligned with the wind were increased 
only about 2-5 cm/sec and similarly were retarded on the reciprocal 
incoming direction. Cross currents down the estuary probably showed the
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greatest effect by penetrating farther south as a result of the south­
ward flushing past Breton Island.
220° wind. Directly opposite the 040° wind, the 220° wind is a 
southwesterly alongshore wind. Unlike the 040° wind, which blew into an 
open boundary, the 220° wind blew into the leveed southwestern end of 
the estuary. Comparing Figures 31 and 32 with Figures 37 and 38, one 
may observe that the surface elevation behaved as expected: a true set­
up (5-10 cm) occurred in the southwest on both rising and falling 
tides. Contrary to the effect of the reciprocal 040° wind, there was a 
generally raised elevation at low tide and some slight scooping effect 
in the lee of the North Islands and a 10-cm set-up at the southwestern 
end of the estuary.
Currents responded quite predictably in increasing the wind-aligned 
current speeds, decreasing those that opposed the wind and aligning all 
currents somewhat more toward the wind.
310° wind. The 310° wind is the potentially dangerous onshore wind 
direction. Hurricane Camille, for instance, entered this estuary 
somewhat along this direction.
Exactly as would be expected, in comparing Figures 31 and 32 with 
Figures 39 and 40 one sees that there was a generally uniform 5-10-cm 
set-up all along the western (marsh) side of the estuary. There was 
even a small (2-3 cm) scooping effect all along the Chandeleur Island 
arc on the estuary or lee side of the islands.
Currents were affected very little by wind from this direction, 
except at low tide at the northern part of the estuary, where the 
normally weak currents were reversed as much as 180° to a northwesterly 
direction.
In summary, therefore, strong winds, in this case 20 knots, cause 
the obvious wind-aligned set-up (about 5-10 cm) blowing into a solid 
boundary, or scooping on the lee side of a fetch if blowing into an open 
boundary. Currents tend to align themselves with the wind and increase 
or decrease their speed in accordance with their relative direction to 
that of the wind.
Separate tests have also shown that winds around 8-10 knots have a 
barely discernible effect of possibly 1 or 2 cm in surface elevation 
differences and a similar 1-2 cm/sec current speed alteration. At wind 
speeds of about 6 knots or less, any effect is negligible.
Co-Range and Co-Tidal Lines 
Both co-range and co-tidal lines are of considerable interest to 
the investigator of any large esutary. Engineers and planners of many 
types of coastal structures depend to a considerable degree on knowing 
where the greatest and least ranges will occur. A pier's location, for 
example, would be ideal if there were no alongside surges and rise and 
fall to the tides. Large-scale loading and offloading operations are 
economically time-dependent, and moving ships' moorings to accommodate 
ships affected by pier motions Is time consuming and expensive. Engi­
neers, planners, and environmentalists interested in protecting or 
preserving a given coastal area, or given a choice of areas in which to 
establish a natural refuge, would be considerably assisted by knowledge 
of these areas of maximum and minimum range.
To obtain these data for a period of one tidal cycle, maximum and 
minimum surface elevation and corresponding times were determined from 
the computer output data listings for a grid of every fifth point 
throughout the model area. The range difference at each point was
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plotted on a model grid. High and low tide lag times from a base time 
were treated similarly. The results were contoured and are therefore 
the co-range and co-tidal lines. Figures 41-43 are the co-range, co- 
high- tide, and co-low-tide lines for the estuary, as shown by the 
model, when driven by the average tides shown in Table 4.
The point or area of maximum range noted on Figure 41 is in the 
vicinity of Deep Pass, from Brush to Martin Islands.
Tropic and equatorial tidal periods were also examined but do not 
change the pattern appreciably except as would be expected, i.e., 
during tropic tides the range differences are somewhat exaggerated and 
during equatorial tides are somewhat decreased from those shown in 
Figures 41-43.
It seems evident from the higher ranges shown around Deep Pass and 
net volume flow data, which will be discussed in the next section, that 
the increased tidal action in this area is a major contributor to the 
erosion of the St. Bernard Delta.
Finally, one may observe from Figure 41 that the Mississippi River 
Gulf Outlet Canal is located in about as reasonable a position as could 
be expected in respect to moderate tidal range.
Net Volume Flow
Finally, in completing a hydrodynamic physical description of the 
Chandeleur-Breton Sounds estuary, one must consider net volume flow.
The volume flow data presented in Table 5 were obtained and sum­
marized from the model computer output data listings. As indicated in 
Table 5, an east-west cross section (Row N-24), which can be located on 
Figure 4 midway up the estuary, was selected for study. Volume flow
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Average Tide
Figure 41. Co-range lines for average tides. Tropic tides show similar 
field, but maximum is 92 cm, minimum is 65 cm. Equatorial tide ranges 






start of tidal cycle
0800-23 Aug 68
Average Tide
Figure 42. Co-high-tide lines for average tides. Tropic and equa­






start of tidal cycle 
0800- 23 Aug 68
Average Tide
Figure 43. Co-low-tide lines for average tides. Tropic and equatorial 
tides show similar fields.
109
figures from the data listings for every point along the cross section 
for a tidal cycle were tabulated and summed. The results shown in Table 
5 suggest the following:
1. There is a net flow across this midline in a north-to-south 
direction. If wave action is, for example, eroding the northern part of 
the delta, the littoral transport of material is southward and probably 
out past Breton Island. From energy studies discussed in a later 
section it is known that the energy flux to the south is quite pro­
nounced. Basically, energy and volume flow in from all entrances but 
flow out primarily to the south.
2. Net volume flow Is maximum when the tidal range is greatest and 
a strong wind is blowing down the long axis of the estuary.
3. Net volume flow to the south becomes progressively less as a 
combination of wind speed and direction and tidal range become more 
adverse.
4. Net volume flow will, or can, be shifted to the north with a 
strong onshore wind, or at maximum by a strong wind blowing northward up 
the long axis of the estuary. One concludes, therefore, that a 20-knot 




North-South Volume Flow across 
Cross Section N-24
Dates Tide Wind- Net Flow
1968 Description Range Speed Heading Direction 3/m /sec
Cft) (knots) C) x 10”2
12-13 June Tropic 3.0 20 220 South 3100
12-13 June Tropic 3.0 20 130 South 2650
22-23 Sept Equatorial 0.6 6 240 South 2540
28-39 July Average 1.5 0 South 1940
23-24 Aug Average 1.8 0 South 1800
12-13 June Tropic 3.0 0 South 1350
29-30 Apr Average 1.6 9 330 South 1200
12-13 June Tropic 3.0 20 310 North 250
12-13 June Tropic 3.0 20 040 North 560
Tropic Tides: Range 3 ft
Dates Tide Estuary Orientation Net Flow
Knots Heading Long Axis Cross Axis Direc­ 2m /sec
C°) tion x 10“2
12-13 June 20 220 040-220 South 3100
12-13 June 20 130 130-310 South 2650
12-13 June 0 South 1350
12-13 June 20 310 130-310 North 250
12-13 June 20 040 040-220 North 560
FURTHER DISCUSSION AND PHYSICAL IMPLICATIONS 
Theoretical Wave Form
Attempting to correlate the surface elevation and current flow 
patterns, discussed earlier, with an identifiable wave form was somewhat 
speculative, since the model simulated conditions which are distorted 
from the ideal cases by natural topographic and bathymetric features.
To this end, however, profiles were plotted for the locations shown 
on Figure 44. The north-south (N-S) profile is shown in Figure 45. The 
orthogonal profiles are shown in Figure 46. Below each surface eleva­
tion profile are the profiles of the current speed components in the 
plane of the profile.
Inspecting Figures 45 and 46, one sees the indications of standing 
wave forms. From Figure 45 it appears from the strong north-south 
current flow, which damps out in a convergence zone somewhat north of 
the mid-latitude of the estuary, that the total wave form is made up of 
two waves, i.e., one from the northern entrance and one from the 
southern. The cross-channel wave forms and currents indicated in 
Figure 46 suggest a cross-channel seiching effect.
From the co-range lines discussed earlier one recalls the higher 
ranges on the west or right side of a strong current entering from the 
north.
These factors suggested two opposing north-south Kelvin waves. A 
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Figure 44. Cross section profile index.
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Figure 45. East-west profiles of surface elevation and currents.
general results from the balance of pressure gradient or slope force and 
Coriolis force. Basically, in a Kelvin wave the current runs normal to 
the slope with the high side to the right of the current in the northern 
hemisphere. Following the formulae for a Kelvin wave from Defant
(1961), the Kelvin wave height (£) and speed (U) are:
cC*,y,t) - Eo(y) cos k (* - ct) )
> (34)
u (x,y,t) - Uo(y) cos k (x - ct) '
where
C = vgh » wave propagation speed
h = channel depth
x = down-channel coordinate
y = cross-channel coordinate
b = channel width
t = time
k = 2tt/L = wave number 
T = wave period
L = CT a wave length
The origin of the coordinates is at the center of the channel, where x 





f =2(0 sin <|> (Coriolis parameter)
^o(y) = mean wave amplitude at x = 0 CC0^  = half range between
+b/2 and -b/2)
then
^o(y) = ^ SL~XV' x/sinh x
U = —  t o(y) h o(y) (36)
(35)
Substituting equations (35) and (36) into (34) allows solution of 
the Kelvin wave parameters.
To simulate the Chandeleur-Breton Sounds, the grid shown in Figure 
47 was used. It was assumed that one wave was propagated in from the 
north and one from the south. The model output was searched for the 
average tidal input period of 22-24 August 1968 (Table 4) so that 
representative ranges and then wave amplitudes at each entrance could be 
determined. They were found to be
North entrance: ^o(y) “ ^  cm
South entrance: ^o(y) = ^  cm
The hourly surface elevation and current speeds (34) were solved for 
both waves at each grid point.
Then, having observed from the co-tidal lines discussed earlier 
that the northern entrance tides led those of the southern end of the 
esutary by about 1 hour, the proper time lag was determined between the 
two Kelvin waves so that the resultant wave would simulate both the 
observed surface wave form and the co-tidal lag. It was found that when 
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representative form was achieved. The waves were superimposed by adding 
the 5(x>y t) aTU* u(x y t) va -̂ues ^or each wave at each grid point. The
resultant wave forms are shown by Figures 48-51.
Comparing the elevation contours and isotachs on these figures to
the model simulation for the same average tidal input conditions (Figs.
23-30), one may observe the good agreement. It was noted particularly 
between Figures 48-51 and Figures 23-26 that the convergence zones did 
appear to agree in position and that the slopes of the surface both 
along- and across-channel did correlate in direction and magnitude. 
Noting the elevation contours on Figures 49 and 51, one also sees the 
seiching effect.
A check of the time of high tide at the northern entrance and 
southern entrance of the superimposed Kelvin wave grid did verify that 
the tides at the north led those at the south by 1 hour, as required in 
the real estuary.
One may note, however, that the elevation range (high and low 
difference from Figures 48 and 50) is over 90 cm, whereas for average 
conditions from the co-range lines (Fig. 41) we observed this to be 
about 60 cm. The difference is not actually too significant inasmuch 
as the Kelvin wave simulation was for an ideal case with no frictional 
damping, no topographic effects, and no cross currents.
It may be noted further that the currents shown by Figures 48-51 
are all rectilinear in contrast to the flow patterns shown by Figures 
27-30. The difference is again the result of the ideal Kelvin wave 
formulation, which allows only down-channel flow. One may note, how­
ever, that the convergence zones as delineated by the current reversals 
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Figure 48. Composite Kelvin wave for low tide, resultant of adding
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Figure 49. Composite Kelvin wave for maximum rising tide, resultant of
adding north and south wave values at each grid point. Wave from north
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Compare with 
Figs. 25 and 29
90cm
Figure 50. Composite Kelvin wave for high tide, resultant of adding





Composite Kelvin Wave 
Ebbing Tide
Surface Elev. (cm) 
Current Speed (cm/s)
Compare with 
Figs. 26 and 30
Figure 51. Composite Kelvin wave for maximum ebbing tide.
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shown by Figures 27-30.
It may be concluded, therefore, that current circulation and water 
levels In the Chandeleur-Breton Sounds estuary are controlled in a gross 
fashion by Kelvin wave dynamics as described above. The model would be 
even more accurate, however, if frictional damping were added to the 
analytic solutions.
ENERGY BALANCE
Energy balance, and particularly the energy dissipation by fric­
tional motions in shallow seas and embayments, has been a topic of 
discussion and study for more than 50 years. Street (1917) may have 
begun the interest with his discussion of frictional dissipation by 
tides. Taylor (1919), however, with his energy balance of the Irish 
Sea, may have created the greatest interest by showing a simple way to 
account for input energies and frictional dissipation, plus a practical 
application of the effect of the moon on the energy balance of a body of 
water. Jeffreys (1920) and Heiskanen (1921) soon tabulated figures 
which accounted for much of the worldwide shallow-water-area energy 
dissipation.
More recent studies have been limited to smaller areas and have 
been characterized by more detail and less gross approximation. The 
latter was the characteristic of the early work.
In chronological order, McLellan (1958) did work on the energy 
considerations and particularly the moon's effect on the Bay of Fundy. 
Miller (1966) discussed the tidal flux versus frictional method of 
determining energy dissipation. Blanton (1969) limited his study to the 
small area of Coos Bay, Oregon. Stock and Filloux (1975) provided 
information on the energy balance on widely separated areas, the Gulf of 
California and the Adriatic Sea. Garrett (1975) discussed tidal re­
sponse in gulfs as a function of the energy input and- dissipation.
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Levine and Kenyon (1975) studied the energy balance in Narragansett Bay.
The investigation of the energy balance in the Chandeleur-Breton 
Sounds estuary adds detail and precision to the foregoing body of 
knowledge. The area is 10 times larger than Narragansett Bay, 10 times 
smaller than the Irish Sea, and generally smaller by 5 to 7 times than 
all the other areas of study. It is certainly the shallowest of all the 
study areas and has the lowest energy. It is the one area in the group 
subject to a diurnal tide. It has by far the lowest current speeds, and 
finally there was considerable detail available so that approximations 
are not so dominant as they might be in other studies.
The data for the energy balance came from the model output for the 
estuary, with the model run on the average tidal input given in Table 4.
It was possible to compute and determine the energy flux directly 
and from an energy balance between the input energy sources and the 
frictional dissipation.
The energy balance is shown by the formula:
9E/9t = Ein - Ed + WM (37)
where
9E/9t ** the energy flux
Ein =* tidal input energy flux
Ed = frictional dissipation of energy
= the work done on or by the moon
Total energy E is given by
E = KE + PE
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where
KE = kinetic energy 
PE = potential energy
E = —  p /  (h+C) S2 dA + i  pg /  C2 dA (38)
2 A 2 A
where
h a = depth below MSL 
t, = surface elevation above MSL
S ** current speed
dA = unit area
The energy flux 3E/3t was determined directly from the use of 
equation (38); all input came from the model for each grid point on an 
hourly increment for a full diurnal cycle.
Total, kinetic, and potential energy for the estuary, which has a
1 O osurface area of 3.1 x 10 cm£, was plotted and is shown by Figure 52. 
Total energy E and energy flux 8E/9t are also given in Table 6.
Inspecting Figure 52 and Table 6, one may observe the relatively 
low total energy (average = 8 x 10̂ -® ergs) and maximum energy of only 17 
x 10̂ -® ergs as compared to the larger values for most of the areas 
considered in the previously mentioned studies.
One sees, of course, from equation (38) that total energy is a 
function of total area, average depth, current speed, and surface 
elevation. The Chandeleur-Breton Sounds averages are:
Depth ~ 500 cm (16 ft)
Speed ' 10 cm/sec
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Figure 52. Total energy in estuary showing contribution from potential and kinetic energies.
Table 6 
Energy Balance
Hour E AE 3E/3t ein E(Er ED) A
xlO18 xlO18 xlO14 xlO14 xlO14 xlO14 xlO"*-4
ergs ergs ergs/sec ergs/sec ergs/sec ergs/sec ergs/sec
- 1 7.9
0 6.8 -3.0 -4.2 -4.2 -1.0 -5.2 1.0
1 4.9 -3.8 -5.3 -4.2 -1.8 -6.0 0.7
2 3.0 -3.1 -4.3 -1.8 -2.6 -4.4 0.1
3 1.8 -1.3 -1.8 2.2 -2.9 -0.7 -1.1
4 1.7 0.9 1.3 5.9 -2.8 3.1 -1.8
5 2.7 3.2 4.4 9.5 -2.5 7.0 -2.6
6 4.9 5.3 7.4 12.1 -2.1 19.0 -2.6
7 8.0 6.6 9.2 13.6 -1.6 12.0 -2.8
8 11.5 6.5 9.0 12.8 -1.2 11.6 -2.6
9 14.5 5.1 7.1 10.1 -0.8 9.3 -2.2
10 16.6 2.4 3.3 4.7 -0.7 4.0 -0.7
11 16.9 -1.2 -1.7 -1.3 -0.9 -2.2 0.5
12 15.4 -4.6 -6.4 -7.0 -1.4 -8.4 2.0
13 12.3 -6.4 -8.9 -10.2 -2.3 -12.5 3.6
14 9.0 -6.6 -9.2 -10.2 -3.2 -13.4 4.2
15 5.7 -5.7 -7.9 -7.8 -3.7 -11.5 3.6
16 3.3 -3.9 -5.4 -4.7 -3.8 -8.5 3.1
17 1.8 -1.7 -2.4 -1.4 -3.5 -4.9 2.5
18 1.6 0.0 0.0 1.3 -3.0 -1.7 1.7
19 1.8 1.5 2.1 3.3 -2.3 1.0 -1.1
20 3.1 2.5 3.5 3.9 -1.5 2.4 -1.1
21 4.3 2.1 2.9 3.4 -0.9 2.5 0.4
22 5.2 1.0 1.4 1.5 -0.4 1.1 0.3
23 5.3 -0.4 -0.6 -0.6 -0.2 -0.8 0.2
24 4.8 -1.7 -2.4 -2.4 -0.4 -2.8 0.4
25 3.6 -2.4 -3.3 -2.8 -0.8 -3.6 0.3
+ 1 2.4
Net -12.2 25.7 -48.3 -22.6
Sum 43.2
Avg. (ergs/sec) -0.5 1.0 -1.9 -0,9 1.7
Avg. (ergs/cm^/sec) -1.5 3.2 6.0 -2.8
where 3E/3t - AE/7200
1U 2Estuary surface area » 0.31 x 10 cm
L (north) = 2.8 x 10® cm, L (south) = 2.6 x 10® cm, L (others) =
2.2 x 10® cm
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In most previous studies depths were greater; e.g., Taylor (1919) used 
h = 6800 cm. Most wave amplitudes were on the order of 150-200 cm and 
current speeds were between 100 and 150 cm/sec.
One may observe from Figure 52 that total energy for this estuary 
is primarily a function of potential energy or the influence of tide 
level. Frictional dissipation of energy, however, is almost totally 
dependent on current speed,
A comparative energy balance was obtained by following Taylor 
(1919) and McLellan (1958), where, using the time-averaged version of 
equation (37)
where
S sin a = the current speed normal to the plane of the estuary 
entrance
<3E/9t> = <Ein> <Ed> + <WM> (39)
Previous investigators have assumed <3E/3t> = 0.
Input tidal energy flux as shown by Taylor (1919) is
a = the direction of the current relative to this plane
L - total length of the entrance
= differential distance
Other terms are as defined under equation (38).




where all terms have been defined previously. The unitless constant k  
~ 2 x 10“3 is the familiar approximation for the frictional constant.
We can further assume that, owing to the small amplitude of the 
tidal wave, the shallow depths, and the relatively small area of the 
Chandeleur-Breton Sounds estuary, the moon effect W^ is negligible. 
Therefore, the energy balance was between the input energy flux Ejjj and 
the frictional dissipation of energy flux Ep.
To compute these terms, as when computing the total energy E, the 
variables h, £, S, and a were taken from the computer output listing of 
the model at hourly intervals for a full tidal cycle. Actually, since 
all the parameters had been extracted, Eq was computed at the same time 
as E, KE, and PE.
Energy flux through each entrance was computed separately, but also 
using the model data at each entrance grid point.
The energy input flux from the major northern and southern entran­
ces and the sum of the other five small entrances were plotted and are 
shown in Figure 53. Both total energy input flux and energy frictional 
dissipation flux were plotted and are shown in Figure 54. Both are also 
shown in tabulated form in Table 6.
One may observe from Figure 53 that the major energy inputs are 
from the northern and southern entrances. More important, however, is 
the fact that energy was still flowing in from the north more than 2 
hours after the energy outflow had begun in the south and more than 5 
hours after outflow began from the other five entrances. Three of the 
latter are south of grid row N-24, which was used for the volume flow 
study discussed earlier. The combined effect of the earlier outflow 
























Figure 54. Energy flux showing effect of frictional energy dissipation.
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the net volume flow to the south across row N-24.
Inspecting Table 6 one may make the following observations:
It may be noted that per hour there was more energy flowing In than 
was dissipated by friction on the incoming tide, but this was balanced 
by the combined energy losses and frictional dissipation per hour on the 
outflow. Noting the time-averaged energy balance of equation (39) and 
the values shown in Table 6, the total balance has a residual of only
0.4 x 1014 ergs/sec. This, of course, shows that in the time average of 
real tidal data the term <3E/3t> is significant. One may observe from 
the last column of figures that per hour there was reasonable agreement 
between the two methods of determining energy flux, i.e., rearranging 
equation (37)
3E/3t = (Ejjj-Ep) = 4 = 1.7 x lÔ -4 ergs/sec
Taking this figure to be the accuracy of the other means for the total 
area permits the conclusion that, within the accuracy of the two methods 
of determining an energy balance, there is balance and good agreement.
Noting, however, the somewhat greater dissipation than input, 
which, other than being within the computational accuracy, is not 
probable, one could reduce the value of the assumed friction factor of 2 
x 10"^ used in equation (41). Taylor (1919) used a lower limit of 1.6 x
^ 'I10 , which offers a 20 percent improvement in the dissipation term.
Using that improvement, the residual error (0.4 x 10^4 ergs/sec) would 
reduce to zero.
It is reasonable to conclude, therefore, that there is a close 
balance between input and frictionally dissipated energy.
By way of comparison to the energy dissipation of 6 ergs/cm^/sec,
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Taylor (1919) found energy dissipation in the Irish Sea to be more than 
1000 ergs/cm^/sec. Levine and Kenyon (1975) found energy dissipation to 
be 26.1 ergs/cm^/sec in Narragansett Bay. The differences are readily 
explained by the fact that the average velocities in each area are 
considerably different, and, since frictional energy dissipation is a 
function of current speed cubed, the differences are quite large, as are 
the effects of errors in estimation of these speeds.
CONCLUSIONS
Conclusions which may be drawn from this study of the Chandeleur- 
Breton Sounds estuary relative to the initial objectives may be grouped 
in two major categories, i.e., the numerical model and the estuary.
The Numerical Model
The study has shown, by comparison of the model output with 
observed field data and through a number of tests and comparisons 
designed to verify the application of the basic theory and assumptions, 
the numerical scheme itself, and finally its computational accuracy, 
that the model will generate representative output with an accuracy on 
the order of 10-15 percent of true values.
The model will provide, at any incremental time step, the fields 
for surface elevation, current speed and direction, and volume flow.
The model can be operated in modes which consider bottom friction, 
surface wind friction, and Coriolis and convective inertia term effects. 
The wind capability of the model also allows the wind to be run for the 
full length of a model run, or started and/or stopped at any designated 
time during the run. The latter provides information on response to 
impulse winds.
Finally, it was shown that the model was programmed in such a way 
that, by the use of subroutines and single-digit and variable numerical 
input control cards, the model is suited to easy modification and use by
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any investigator for application to studies of any similarly adaptable 
area.
The Chandeleur-Breton Sounds Estuary
The study showed that the estuarine hydrodynamic system is gene­
rated primarily by two long waves, one entering from the northern 
entrance, between Chandeleur Island and the St. Bernard delta lobe, and 
the other entering from the southeast, around both sides of Breton 
Island.
The study showed that these waves could be simulated very well by 
Kelvin waves. The resultant interference pattern reasonably simulated 
the standing wave pattern that was suggested by the numerical model.
It may be concluded, therefore, that the resultant pattern and 
description of the estuary are as follows:
1. Two tidal systems enter the estuary, one from the north and one 
from the south, with the interference pattern resulting in a convergence 
zone somewhat north of the mid-latitude of the estuary.
2. Tides at the northern entrances lead those of the southern end 
of the estuary by about 1 hour. In order to simulate this with the 
Kelvin waves, the wave from the north had to lag the southern wave by 2 
hours.
3. Tidal ranges are greatest in the northwestern part of the 
estuary, for average tides the range is about 60 cm, whereas for 
tropic tides the range is about 90 cm. Ranges in the northern part of 
the estuary are 10-15 cm greater than in the south. This agrees with 
the 70-cm range found by Kjerfve (1973) in Caminada Bay, just west of 
the Mississippi River delta.
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4. Slopes In the estuary are on the order of 2 x 10“® for average 
tides and 3.5 x 10“  ̂for wind-induced periods. Both figures agree with 
similar values found by Kjerfve (1973) in Caminada Bay.
5. Currents average about 10-15 cm/sec, with maximums of about 40-
50 cm/sec, in the narrow, shallow entrances through the Chandeleur 
Island chain. Basically, the flow patterns come in from the northern 
and southern entrances, drive to the convergence zone, and the residual 
low-speed currents turn west into the delta. As the tides turn, the 
opposite effect is not true. The currents begin to diverge from the 
zone, but within a few hours after high tide the major flow through the 
estuary is all to the south.
6. There is a net volume flow past the mid line of the estuary. 
This flow exists under average and tropic tidal conditions but is 
dominated by response to wind, i.e., as the wind direction increasingly 
opposes the direction of flow, the net volume flow will decrease. A 
directly opposing wind (heading 040°) will reverse the net flow to the 
north.
7. Energy balance studies have shown that this is indeed a rela­
tively low-energy estuary and that input energy Is almost totally 
balanced by frictional energy dissipation. The frictional dissipation, 
when compared to that in other areas, is very definitely on the low side
of all previous figures. This, of course, Is the result of the very low
average current speeds in the estuary.
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Appendix A
Tidal Inputs 
Heights (ft) for Six Input Tide Stations
Tropic Tides 10-13 June 1968
Tropic Tides 29 April-1 May 1968
Average Tides 26-30 July 1968
Equatorial Tides 20-22 September 1968
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T^BLE A - l  
INPUT TIDAL HEIGHTS (FT) 
TROPIC/SPRING/PERIGEAM MAX TIDES 10/0030-13/1200JUN*68
t im e  t i d e  s t a t io n s
STEP DAY HOUR A B C D E F
1 1 • 080 - .1 3 0 .670 .130 .340 .070
2 1 1 • 220 .noo .800 .280 .510 .260
3 1 • 370 .140 ,930 .420 .680 .47 O'
A- 1 2 • 520 .270 1.060 .570 .850 .680
5 1 .670 .420 1.170 .710 .880 1.020
6 1 3 .820 .570 1.280 .850 1.170 1.060
7 1 .970 .720 1.390 .990 1.330 1.270
6 1 4 1.110 .670 1.490 1.130 1.490 1.450
9 1 1.250 1.020 1.57C 1.260 1.640 1.620
10 1 5 1.380 1.170 1.650 1.380 1.790 1.770
11 1 1.500 1.320 1.730 1 .500 1.930 1.920
12 1 6 1.620 1.460 1.760 1.600 2.060 2.050
13 1 1.720 1.560 1.790 1.690 2.180 2.170
14 1 7 1.820 1 .660 1.800 1.760 2,*70 2.2^0
15 1 1.900 1.740 1.770 1.810 2.340 2.340
16 1 8 1.950 1,800 1.730 1.860 2.380 2.380
17 1 1.980 1.840 1.650 1.900 2.400 2.400
13 1 9 2.000 1.880 1.580 1.900 2 . “ 00 2 • “  0 0
19 1 1.980 1.900 1.460 1.860 2.360 2.360
20 1 10 1.940 1.660 1.340 1.810 2.280 2.290
21 1 1.880 1.840 1.210 1.750 2.200 2.220
22 1 11 1.600 1.7P0 1.080 1.670 2.100 2.120
23 1 1.700 1.700 .920 1.580 1.970 2 . O00
24 1 12 1.600 "1.620 ,760 1.470 1.820 1.870
25 1 1.460 1.500 .590 1.330 1.650 1.700
26 1 13 1.320 1.360 .420 1.180 1.470 1.540
27 1 1.160 1.240 .250 1.020 1.300 1.370
20 1 14 1.000 1.100 .080 .840 1.100 1.190
29 1 .830 .960 - .0 8 0 .670 .920 1.020
30 1 15 .650 .eno - .2 3 0 .500 .720 .830
31 1 .490 .640 - .3 6 0 .340 .540 .650
32 1 16 .320 .460 - .4 8 0 . 180 .360 .470
33 1 .150 .320 - .5 5 0 .020 .180 .280
34 1 17 - .0 2 0 .160 - .6 2 0 - .  140 .020 .100
35 1 - . 1 6 0 .000 - .6 7 0 - .2 6 0 - .1 5 0 — .080
36 1 18 - .3 0 0 - .1 5 0 - .6 9 0 - .3 7 0 - .3 0 0 - .2 3 0
37 1 - .4 1 0 - .2 8 0 - .7 0 0 - .4 8 0 - . “ 20 - .3 7 0
38 1 19 - .5 2 0 - .4 0 0 - .6 9 0 - .5 6 0 - .5 2 0 - .4 8 0
39 1 - .6 0 0 - .5 0 0 - .6 7 0 - .6 3 0 - .6 0 0 - .5 7 0
40 1 20 - .6 6 0 — . 580 - .6 2 0 - .6 9 0 - .6 8 0 - .6 5 0
41 1 - .6 9 0 - .6 5 0 - .5 7 0 - .7 0 0 - .7 0 0 - .6 9 0
42 1 21 - .7 0 0 - .6 8 0 - .4 9 0 - .7 0 0 - .7 0 0 - .7 0 0
43 1 - .6 9 0 - .7 0 0 - .4 0 0 - .6 9 0 - .6 8 0 - .7 0 0
44 1 22 - .6 7 0 - .7 0 0 - .2 9 0 - .6 7 0 - .6 4 0 - .6 9 0
45 1 - .6 2 0 - .6 8 0 - .1 6 0 - .6 3 0 - . ^ 6 0 - .6 5 0
46 ■ 1 23 - .5 6 0 - .6 4 0 - . 0 3 0 - .5 6 0 - . “ 80 - .6 0 0
47 1 - .5 0 0 - .5 8 0 .100 - .4 7 0 - .3 7 0 - .5 1 0
48 1 24 - .4 0 0 - .5 1 0 .240 - .3 5 0 - .2 6 0 - .4 0 0
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TaBLf A- l  
INPUT TIDAL HEIGHTS (FT) 
TROPIC/SPRIMG/PERIGEAN MAX TIDES 10/0P30-13/1?00JUN»68
t im e
STEP DAY hour A
t i d e  s t a t i o n s
R O D E F
49 2 - . 3 0 0 - .4 3 0 .390 -.220 -.110 - .2 7 0
so 2 1 -.180 - .3 2 0 .520 -.080 .030 -.110
Si 2 - . 0 4 0 -.210 .660 .060 .200 .050
32 2 2 .110 - .0 9 0 .790 .200 .390 .240
S3 2 .280 .040 .930 .350 .580 .430
34 2 3 .440 .190 1.050 .500 .770 .620
35 2 • 61U .360 1.170 .650 .950 .830
36 2 4 .780 .520 1.300 .800 1.130 1.040
37 2 .940 .690 1.410 .950 1.210 1.240
38 2 5 1.100 .850 1.520 1.100 1.480 1.440
39 2 1.250 1.000 1.610 1.220 1.650 1.620
60 2 6 1.400 1.150 1,680 1.370 1.800 1.780
61 2 1,520 1 .290 1.740 1.480 1.930 1.920
62 2 7 1.630 1.420 1.780 1 .590 2.060 2.060
63 2 1 .730 1.530 1.800 1.690 2.160 2.160
64 2 8 1.830 1.640 1.800 1.770 2.250 2.250
65 2 1.890 1.730 1.780 1.920 2.320 2.320
66 2 9 1.940 1.810 1,730 1 .880 2.380 2.380
67 2 1.980 1.850 1.670 l.°00 2.400 2.400
68 2 10 2.000 1.890 1.680 1.900 2.400 2.400
69 2 1.980 1.900 1.480 1.870 2.360 2.360
70 2 • 11 1.950 1.890 1,360 1.810 2.290 2.290
71 2 1.900 1.840 1.220 1.740 2.200 2.220
72 2 12 1.620 1.780 1.060 1.650 2.080 2.130
73 2 1.710 1.700 .890 1.540 1.950 2.000
74 2 13 1.600 1.620 .720 1.430 1.830 1.880
75 2 1.460 1.510 .540 1.290 1.650 1.720
7 6 2 14 1.320 1.400 .360 1.150 1.480 1.560
77 2 1.150 1.260 .190 .990 1.290 1.390
78 2 15 .980 1.120 .020 .830 1.100 1.220
79 2 .790 .960 - .14 0 .670 .890 1.020
60 2 16 .600 .800 - .2 6 0 .510 .680 .820
61 2 .420 .630 - .3 7 0 .340 .480 .630
62 2 17 ,240 .460 - .4 8 0 .180 .280 .440
63 2 .070 .290 - .5 8 0 .030 .080 .250
34 2 18 -.100 .120 - .6 3 0 -.100 — • 080 .060
85 2 -.220 - .0 4 0 - .6 8 0 - .2 4 0 -.220 -.120
36 2 19 - .3 4 0 -.180 - .7 0 0 — . 360 - .3 4 0 - .2 8 0
67 2 - .4 5 0 - .3 2 0 - .7 0 0 - .4 7 0 - .4 7 0 - .4 0 0
68 2 20 - .5 5 0 - .4 4 0 -.690 - .5 6 0 - .5 6 0 - .5 1 0
69 2 - .6 2 0 - .5 4 0 - .67 0 - .6 2 0 - .6 3 0 — .600
90 2 21 - .6 7 0 -.620 - .63 0 - .6 7 0 - .6 8 0 - .6 5 0
91 2 - .6 9 0 - .6 7 0 - .5 7 0 - .7 0 0 - .7 0 0 - .6 9 0
92 2 22 - . 7 0 0 - .6 9 0 - .4 9 0 - .7 0 0 - .6 9 0 - .7 0 0
93 2 - . 6 9 0 - .7 0 0 - .4 1 0 - .6 8 0 - .6 6 0 - .7 0 0
94 2 23 - .6 6 0 - .6 9 0 - .3 0 0 -.630 - .6 0 0 - .6 8 0
95 2 - .6 0 0 - .6 8 0 - .1 8 0 - .5 6 0 - .5 4 0 - .6 4 0
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TABLE A - l  
in p u t  t i d a l  h e ig h t s  (FT) 
THOPIC/SPRING/PERIGEAN MAX TIDES 10/0030-13/1200JUN*68 
t im e  t i d e  STATIONS
STEP DAY HOUR A 13 C D E F
145 4 - .5 2 0 - .57 0 - .0 8 0 - .5 1 0 - .4 7 0 - .5 4 0
146 4 1 - .4 5 0 - .530 .040 -.440 - .3 9 0 - .4 9 0
147 4 - .3 8 0 - .4 8 0 .170 - .3 5 0 - .3 0 0 - .4 2 0
148 4 2 - .30 0 - .42 0 .300 - .26 0 - .1 0 0 - .3 3 0
149 4 - .2 1 0 - .340 .430 — .150 - .0 3 0 - .2 2 0
ISO 4 3 - .0 8 0 - .24 0 .560 - .0 2 0 .130 - .0 8 0
151 4 .060 - .130 .680 .130 .300 .080
152 4 4 .220 .000 .820 .260 .480 ,280
153 4 .370 .140 .940 .410 .660 .490
154 4 5 .530 .280 1,060 .560 .840 .700
155 4 .680 .440 1.180 .700 1.020 .900
156 4 6 .830 .610 1.290 .840 1.200 1.100
157 4 .980 .770 1.390 .980 1.350 1.280
158 4 7 1.130 .930 1.480 1.120 1.500 1.460
159 4 1.260 1.080 1.550 1.250 1.650 1.620
160 4 8 1.390 1.230 1.620 1.380 1.800 1.780
161 4 1.500 1.360 1.650 1.480 1.920 1.900
162 4 9 1.610 1.480 1.690 1.580 2.040 2.020
163 4 1.690 1.500 1.700 1.650 2.130 2.120
lo 4 4 10 1.780 1.640 1.700 1.700 2.200 2.200
165 4 1.820 1.710 1.680 1.750 2.250 2.250
166 4 11 1.860 1.740 1.650 1.790 2.290 2.290
167 4 1.900 1,780 1.600 1.800 2.300 2.300
160 4 12 1.900 1.800 1,500 1.790 2,290 2.290
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TABLE A-2 
INPUT TIDAL HEIGHTS (FT)
t r o p i c  and s p r i n g  t i d e s  onso 29apr -  1200 imay*68 
timet t ide :  s t a t i o n s
STEP DAY HOUR A & C D E F
1 1 - .1 0 0 - .0 3 0 .290 .020 .110 .030
2 1 1 - .0 4 0 .030 .360 .070 .170 .140
3 1 .000 .090 .430 • 140 .280 .220
4 1 2 .070 .180 .520 .210 .390 .400
5 1 .150 .270 .610 .280 .^60 .500
6 1 3 .220 .370 .690 .380 . 630 .600
7 1 .310 .460 .770 .460 .700 .750
B 1 4 .390 .560 .340 .530 .870 .830
9 1 .470 .650 .910 .630 *°60 .920
10 1 5 .570 .750 .960 .720 1.070 1.030
11 1 .660 .850 1.010 .810 1.360 1.120
12 1 6 .750 .940 1.050 .880 1.250 1.220
13 1 .840 1.030 1.100 .960 1.350 1.320
1^ 1 7 .920 1.100 1.130 1.040 1.430 1.420
15 .1 1.000 1.170 1.150 1 .110 1.520 J .520
16 1 8 1.070 1.240 1.180 1.170 1.580 1.600
17 1 1.130 1.280 1.200 1.210 1.650 1.660
18 1 9 1.190 1.320 1.190 1.250 1.700 1.710
19 1 1.220 1.350 1.170 1.280 1.760 1.780
20 1 10 1.250 1.380 1.140 1.300 1.790 1.790
£1 1 1.270 1.390 1.100 1.300 1.800 1,800
t.2 1 11 1.290 1.400 1.040 1.300 1.780 1.780
£3 1 1.300 1.380 .960 1.260 1.750 1.750
1 12 1.280 1.340 .880 1.230 1.700 1.700
25 1 1.250 1.300 .790 1.180 1.610 1.640
26 1 13 1.200 1.250 .690 1.120 1.550 1.550
£7 1 1.150 1.180 .590 1.050 1.430 1.470
£8 1 14 1.080 1.100 .480 .980 1.320 1.360
£9 1 1.030 1.020 .370 .880 1.800 1.230
30 1 15 .950 .920 .270 .770 1 • n70 1.120
31 1 .870 .80 0 .160 .680 • °30 1.000
32 1 16 .770 .670 .070 .570 ,°00 .880
33 1 .670 .530 - .0 4 0 .460 .670 .750
3i+ 1 17 .550 .360 - .1 3 0 .350 ,540 .640
35 1 .430 .270 - .1 8 0 .250 .410 .520
36 1 18 .290 .150 - .2 4 0 .150 .280 .400
37 1 .190 .050 - .2 8 0 .060 .170 .270
36 1 19 .090 - .0 4 0 - .3 0 0 - .0 2 0 .060 .160
39 1 .GOO - .1 1 0 - .3 0 0 - .1 0 0 - .0 4 0 .030
40 1 20 - .0 7 0 - .1 8 0 - .3 0 0 - .  160 - .1 3 0 - .0 7 0
41 1 - .1 4 0 - .2 4 0 - .2 9 0 - .2 0 0 - .2 0 0 - .1 5 0
42 1 21 - .2 0 0 - .2 7 0 - .2 7 0 - .2 5 0 - .2 5 0 -.22.0
43 1 - .2 4 0 - .2 9 0 - . 2 4  0 - .2 8 0 - .2 8 0 - .2 6 0
44 1 22 - .2 8 0 - .3 0 0 - .1 9 0 - .3 0 0 - .3 0 0 - .3 0 0
45 1 - .3 0 0 - .3 0 0 - .1 3 0 - .3 0 0 - .3 0 0 - .3 0 0
46 1 23 - .3 0 0 - .2 9 0 - .0 7 0 - .2 8 0 - .2 7 0 - .2 9 0
47 1 - .2 9 0 - .2 7 0 .000 - .2 5 0 - .2 2 0 - .2 5 0
48 1 24 - .2 6 0 - .2 2 0 .080 -.2.00 - .1 3 0 - .2 1 0
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table: a-2
INPUT t i d a l  HEIGHTS (FT)
TROPIC AMD SPRING TIDES 0030 29APR -  1200 1MAY*68
T im e
STEP DAY HOUR A
TIDE STATIONS
B C D E F
49 2 - .22 0 - .2 0 0 .150 - .1 4 0 - .1 0 0 - .1 7 0
SO 2 1 - .17 0 - .1 5 0 .230 - .0 8 0 - .0 3 0 - .0 9 0
s i 2 - .1 1 0 - .0 9 0 .310 - .0 2 0 .060 .000
52 2 2 — .050 - .0 2 0 .400 .050 .170 .110
53 2 .030 .050 .490 .130 .280 .230
54 2 3 .110 .140 .570 .220 .410 .360
55 2 .200 .220 .660 .300 ,540 .470
56 2 4 .300 .300 .730 .400 .670 .590
57 2 .420 .400 .820 .500 .800 .700
58 2 5 .530 .510 .890 .600 .910 .840
59 2 .660 .620 .970 .700 1.030 .960
so 2 6 .770 .720 1,040 .790 1.150 1.100
t>l 2 .870 .820 1.110 .880 1.260 1.210
62 2 7 .970 ,910 1.160 .980 1.370 1.320
63 2 1.070 1.000 1.200 1.050 1.470 1.430
64 2 8 1.160 1.080 1.250 1.130 1.570 1.540
65 2 1.240 1.150 1.270 1.200 1 .650 1.620
66 2 9 1.310 1.210 1.290 1.250 1.730 1.700
67 2 1.370 1,270 1.300 1.300 1.790 1.770
r>8 2 10 1.420 1.310 1.280 1.350 1.840 1.820
69 2 1.450 1.350 1.250 1.380 1.880 1.860
70 2 11 1.480 1.3B0 1.190 1.400 1.900 1.000
71 2 1.500 1.400 1.140 1.390 1,890 1.900
72 2 12 1.480 1.400 1.070 1.360 1.950 1.860
73 2 1.440 1.380 .980 1.320 1.790 1.800
74 2 13 1.390 1.350 .890 1.280 1.720 1.750
75 2 1.330 1.320 .780 1.220 1.650 1.680
76 2 14 1.280 1.270 .680 1.150 1.550 1.580
77 2 1.200 1.200 .550 1.080 1.440 1.490
78 2 15 1.120 1.130 .450 1 .0 0 0 1.530 1.370
79 2 1.010 1.050 .340 .900 1.200 1.250
60 2 16 .900 .060 .230 .800 1.050 1.170
61 2 .790 .860 .120 .700 , °o o .980
32 2 17 .670 .770 .020 . 580 .770 .860
63 2 • 530 .660 - .060 .470 .620 ,780
64 2 18 .420 ,550 - .140 .360 .500 .590
o5 2 .300 .420 - .1 9 0 .250 .360 .460
S6 2 19 .200 .300 - .2 4 0 .140 .230 .320
67 2 .100 .190 - .2 8 0 .040 .100 .180
68 2 20 .000 .070 - .3 0 0 - .0 3 0 .000 .060
69 2 - .0 9 0 - .0 3 0 - .300 - .1 1 0 - .0 9 0 — .050
90 2 21 - .1 6 0 - .1 1 0 - .2 9 0 - .1 7 0 - .3 6 0 - .1 4 0
91 2 - .2 1 0 - .1 8 0 - .2 7 0 - .2 3 0 - .2 2 0 - .2 1 0
92 2 22 - .2 4 0 - .2 3 0 - .250 - .2 6 0 - .2 6 0 - .2 6 0
93 2 - .2 8 0 - .2 7 0 - .220 - .29 0 - .2 9 0 -.2.90
94 2 23 - .3 0 0 - .3 0 0 - .1 9 0 - .3 0 0 - .3 0 0 - .3 0 0
95 2 - .3 0 0 — .300 - .1 4 0 - .2 9 0 - .3 0 0 - .3 0 0
96 2 £4 - .2 9 0 - .3 0 0 - .070 - .2 8 0 - .2 5 0 - .2 8 0
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TABLE A-2 
IMPUT TIDAL HEIGHTS (FT)
t r o p i c  and s p r in g  t i d e s  0030 29Apr -  1200  imay»68
TINE TIDE STATIONS
STEP DAY HOUR A B C D E F
97 3 - .2 6 0 - .28 0 .000 - .240 - .2 0 0 - .2 5 0
OB 3 1 - .2 3 0 - .26 0 .090 - .1 9 0 - .1 5 0 - .2 0 0
99 3 - .2 0 0 - .2 2 0 .170 - .130 - .0 9 0 - .1 4 0
100 3 2 - .15 0 - .160 .270 - .0 5 0 .000 - .0 6 0
101 3 - .0 9 0 - .1 3 0 .360 .030 .100 .020
102 3 3 - .0 2 0 - .070 .450 .120 .210 .120
103 3 .070 .000 .550 .210 .330 .230
104 3 4 .180 ,100 .630 .290 .450 .350
10 5 3 .30 0 . 190 .710 .380 .580 .490
106 3 5 .420 .300 .790 .460 .720 ' .610
li>7 3 • .570 ,420 .870 .540 .830 .750
108 3 6 .700 .530 .940 .630 • a50 .880
109 3 .810 .630 1.010 .710 1.070 1.000
110 3 7 .920 .750 1.070 .800 1.180 1 .130
111 3 1.020 .850 1.140 .880 1.300 1.950
112 3 8 1.120 .950 1.200 .970 1.410 1.370
113 3 1,190 1.040 1 .230 1.020 1.470 1 .450
114 3 9 1.270 1.120 1.270 1.130 1.600 1.580
115 3 1.330 1.190 1.290 1.200 1.690 1.650
116 3 10 1.390 1.250 1.300 1.270 1.750 1.740
117 3 1.430 1.300 1.270 1.320 1.020 1.800
118 3 11 1.460 1.340 1.250 1.360 1.870 1.860
119 3 1.490 1.370 1,210 1.390 1.900 1.890
120 3 12 1.500 1.400 1.170 1.400 1.900 1.900
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TABLE A-3 
INPUT TIDAL HEIGHTS (FT)
AVERAGE TIDES 0030 26JUL -  1200 30JUL'68
TIME t i d e  stations
step DAY HOUR A B C D E F
1 1 .070 .020 .450 .100 .190 .050
2 1 1 .140 .070 .530 .170 .270 .120
3 I .220 .130 .620 .250 .370 .210
1 2 .300 .200 .700 .340 .500 .320
5 1 .420 ,280 .780 .430 .630 .430
6 1 3 .520 .360 .870 .530 .750 .580
7 1 .630 .460 .950 .620 .880 .730
8 1 4 .740 .550 1.020 .720 1.000 .890
9 1 .850 .650 1.100 .800 1.120 1.050
10 1 5 .960 .750 1.170 .900 1.250 1.190
11 1 •1.070 .850 1.240 1.000 1.370 1.320
12 1 6 1.170 .950 1.300 1.090 1.480 1.440
13 1 1.270 1,040 1.350 1.190 1.600 1.550
14 1 7 1.360 1.140 1.400 1.270 1.700 1.670
15 1 1.430 1.230 1.450 1.350 1.800 1.760
16 1 8 1.490 1,320 1.470 1.420 1.880 1.850
17 1 1.560 1.390 1.500 1.480 1.950 1.930
18 1 9 1.600 1.450 1.480 1.530 2.020 1.990
19 1 1.630 1.500 1.450 1.570 2.060 2.050
20 1 10 1.670 1.550 1.410 1.590 2.080 2.070
21 1 1.700 1.580 1.350 1.600 2.100 2.100
22 1 11 1.700 1.590 1.280 1.590 2.080 2.070
23 1 1.670 1,600 1.210 1.560 2.060 2.050
24 1 12 1.630 1.580 1.120 1.520 2.000 1.980
25 1 1.590 1.550 1.030 1.470 ~1.930 1.900
26 1 13 1.530 1.500 .930 1.400 1.830 1.830
27 1 1.450 1.450 .830 1.330 1.720 1.750
28 1 14 1.370 1.380 .730 1.250 1.590 1.640
29 1 1.270 1.320 .630 1.150 1.460 1.530
30 1 15 1.140 1.230 .530 1.050 1.330 1.400
31 1 1.020 1.130 ,440 .930 1.190 1.270
32 1 16 .890 1.030 ,350 .820 1.060 1.130
33 1 .770 .920 .250 • 680 .910 .990
34 1 17 *650 .810 .170 .580 ,770 .050
35 1 . 530 .680 .100 .480 .630 .730
36 1 18 .420 .570 .040 .370 .500 .590
37 1 .300 .440 - .0 2 0 .270 .370 .460
^8 1 19 .200 .330 - .0 7 0 .180 .250 .330
39 1 .110 .230 - .1 0 0 .090 .140 .210
40 1 20 .030 .140 - .1 0 0 .020 .060 .110
41 1 - .0 2 0 .070 - .0 8 0 - .0 4 0 - .0 2 0 .030
42 1 21 - .0 7 0 .020 - .0 6 0 - .0 9 0 - .08 0 - .0 2 0
43 1 - .090 - .040 - .0 3 0 - .1 0 0 - .09 0 - .08 0
44 1 22 - .10 0 - .0 7 0 .020 - .1 0 0 - .10 0 - .09 0
45 1 - .10 0 - .0 9 0 .070 - .1 0 0 - .09 0 - .10 0
46 1 23 - .0 9 0 - .1 0 0 .120 - .0 9 0 - .060 - .1 0 0
47 1 - .0 7 0 - .0 9 0 .190 - .0 7 0 - .020 - .0 8 0
48 1 24 - .0 4 0 - .0 7 0 .250 - .0 3 0 .020 - .050
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TaBle  A-3
in p u t  t i d a l  h e ig h t s  ( f t )
AVERAGE TIDES 0030 26JUL -  1200 30JUL*68 
TIME TIDE STATIONS
STEP DAY HOUR A B c D E F
49 2 .000 - .0 5 0 .330 .010 .070 .000
50 2 1 .040 .000 .400 .070 .130 .040
51 2 .100 .050 .480 .130 .220 .100
52 2 2 .180 ,100 .550 .200 .340 .160
53 2 .260 .170 ,640 .290 .450 .250
54 2 3 .350 .240 .730 .370 .570 .370
55 2 .460 .320 ,820 .470 .680 .510
56 2 4 .570 .470 .890 .570 .820 .670
57 2 • 660 .510 .970 .670 .950 .820
58 2 5 .760 .600 1.040 .750 1.080 .990
59 2 • .860 .690 1.110 .850 1.200 1.130
60 2 6 ,970 .790 1,170 .950 1.330 1.270
61 2 1.060 .870 1.220 1.040 1.450 1.400
62 2 7 1.150 .960 1,270 1.120 1.550 1.520
63 2 1.240 1.050 1.320 1*200 1.650 1.620
64 2 8 1.320 1.140 1.340 1.270 1.730 1.700
65 2 1.390 1.210 1.380 1.330 1.810 1.780
66 2 9 1.450 1.260 1.400 1.390 1.880 1.650
67 2 1.500 1.330 1,400 1.430 1.920 1.900
68 2 10 1.540 1,380 1.380 1.470 1.950 1.950
69 2 1.570 1.420 1.330 1.490 1.980 1.980
70 2 11 1.590 1.450 1.300 1.500 2.000 2.000
71 2 1.600 1,450 1.250 1.490 1.980 1.980
72 2 12 1.590 1.500 1.200 1.480 1.950 1.950
73 2 1.570 1.480 1.130 1.460 1.910 1,910
74 2 13 1.530 1.450 1.050 1.430 1.860 1.860
75 2 1.480 1.420 .970 1.380 1.800 1.800
76 2 14 1.420 1.380 ,880 1.310 1.710 1.730
77 2 1.340 1.340 .800 1.240 1.610 1.650
78 2 15 1.250 1.280 .700 1.150 1.500 1.550
79 2 1.150 1.190 .600 1.060 1.370 1.430
80 2 16 1.030 1.100 .500 .970 1.240 1.310
61 2 .930 1.020 .400 .860 1.100 1.180
82 2 17 .830 .930 .320 .750 .970 1.050
83 2 .720 .830 .250 .650 .850 .930
84 2 18 .610 .730 .180 .550 .720 .800
65 2 .510 .640 .150 .460 .600 .670
86 2 19 .420 .550 .120 .380 .470 .550
67 2 .330 .450 .110 .300 .350 .440
88 2 20 .270 .360 .100 .230 .280 .350
89 2 .210 .280 .100 .180 .210 .270
90 2 21 .160 .220 .110 .140 .170 .210
91 2 .130 .180 .130 .120 .120 .150
92 2 22 .100 .140 .160 .100 .100 .120
93 2 • 100 .120 .180 .100 .100 .110
94 2 23 .100 ,100 .210 .100 .110 .100
95 2 .110 .100 .250 .110 .120 .100
96 2 24 .120 .100 .290 .120 .140 • 120
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. TABLE A-3
in p u t  t i d a l  h e ig h t s  (ftj
AVERAGE TIDES 0030 26JUL -  1200 30JULf 68
TIME
STEP DAY HOUR A
t i d e  s t a t io n s
B C D E F
97 3 .140 .120 .350 • 140 .170 .150
93 3 1 ,180 .150 .400 . 160 .210 .180
99 3 .200 .180 .460 .190 .260 .2  20
100 3 2 .250 .210 .530 .230 .330 .280
101 3 .300 .260 ,580 .280 .410 .350
1U2 3 3 .370 .320 .550 .350 .500 .430
1U3 3 .450 .370 .700 .420 .600 .530
101* 3 4 .530 .430 .760 .500 .710 .630
105 3 .600 .500 .810 .580 .820 .730
106 3 5 .680 . 560 .880 .660 ,930 .850
107 3 .720 .630 .930 .730 1,030 .970
100 . 3 6 .850 .690 .980 .800 1.150 1.080
109 3 .930 .760 1.020 .880 1.250 1.180
110 3 7 1.020 ,840 1,060 .950 1.350 1.290
111 3 1.090 .900 1,090 1.020 1.430 1.380
112 3 8 1.160 .970 1,120 1.070 1.500 1.460
113 3 1.220 1.040 1.150 1.130 1.560 1.540
114 3 9 1.260 1.100 1.170 1.180 1.620 1.600
115 3 1.300 1.140 1.190 1.220 1.670 1.650
116 3 10 1.330 1.200 1.200 1.250 1.710 1.700
117 3 1.350 1.230 1.190 1.280 1.760 1.750
118 3 11 1.370 1.260 1.170 1.290 1.780 1.780
119 3 1.38U 1.280 1.150 1.300 1.790 1.790
120 3 12 1.400 1.290 1.110 1.300 1.800 1.800
121 3 1.400 1.300 1.070 1.290 1.790 1.790
122 3 13 1.380 1.300 1.020 1.260 1.750 1.750
123 3 1.350 1,290 .960 1.240 1.700 1.700
124 3 14 1.320 1.270 .900 1.200 1.650 1.650
125 3 1.280 1,240 .840 1.150 1.590 1.600
126 3 15 1.230 1.190 .770 1.100 1.500 1.530
127 3 1.150 1.140 .700 1.050 1.400 1,460
126 3 16 1.080 1.090 .630 .980 1.310 1.370
129 3 1.000 1.030 .570 .930 1.200 1.270
130 3 17 .900 .970 .500 .850 1.100 1.170
131 3 .810 .900 .450 .790 1.000 1.070
132 3 18 .720 .840 ,400 .720 .880 .960
133 3 .630 .780 .360 .650 .780 .850
134 3 19 • 560 .700 .330 .580 .680 .750
135 3 .500 ,630 .310 .520 .580 .650
136 3 20 .430 .550 .300 .460 .490 .560
137 3 .380 .480 .300 .410 .430 .480
138 3 21 .340 .420 .300 .360 .380 .420
139 3 .310 .370 .300 .340 .350 .380
140 3 22 .300 .330 .310 .310 .310 .350
m 3 .300 .310 .320 .300 .300 .300
142 3 23 .300 .300 .350 .300 .300 .300
143 3 .310 .300 .370 .310 .310 .300
144 3 24 .320 .300 .400 .320 .320 .310
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TABLE A-3 
INPUT TIDAL HEIGHTS (FT)
AVERAGE TIDES 0030 26JUL -  1200 30JUL'68
time  t i d e  stations
STEP DAY HOUR A B C D E F
145 4 .330 .300 .430 .340 .350 .340
146 4 1 . 350 .310 .470 .350 ,380 .360
147 4 .370 .320 .500 .370 .420 .400
148 4 2 .400 .340 .540 .400 .460 .430
149 4 .430 .360 .580 .430 .500 .460
ISO 4 3 .470 .390 .620 .480 .550 .510
151 4 .510 .420 .640 .520 .620 .580
152 4 4 • 560 .470 .680 .550 .690 .630
153 4 .600 .510 .730 .590 .770 .710
154 4 5 .660 .550 .750 .630 .850 .780
155 4 .710 .590 .790 • 680 .930 .860
156 4 6 .790 .630 .820 .710 1.000 .930
157 4. .820 .680 .850 .750 1.070 1.000
158 4 7 .870 .720 .880 .800 1.140 1,080
159 4 .910 ,770 .900 .840 1.2.00 1.150
16Q 4 8 .960 .810 .920 .870 1.280 1.230
161 4 1.000 .850 .940 .910 1.340 1.290
162 4 9 1.040 .890 .950 .950 1.390 1.370
163 4 1.070 .930 .970 .980 1.430 1.420
164 4 10 1.110 .960 .980 1.020 1.480 1.470
165 4 1.170 .990 .990 1.050 1.520 1.520
166 4 11 1.180 1,030 1.000 1.070 1*550 1.550
167 4 1.190 1.060 .990 1*080 1.570 1.570
168 4 12 1.200 1.080 .980 1.090 1.590 1.590
169 4 1.200 1.090 .960 1.100 1.600 1.600
170 4 13 1.200 1.100 .940 1.100 1.600 1.600
171 4 1.200 1.100 .910 1.100 1.580 1.580
172 4 14 1.180 1.100 .880 1.090 1.550 1.550
173 4 1.150 1,080 .840 1.060 1.500 1.500
174 4 15 1.120 1.050 ,790 1.020 1.450 1,450
175 4 1.080 1.030 .750 .980 1.380 1.380
176 4 16 1.040 1.000 .720 .930 1.310 1.310
177 4 1.000 .950 .680 .890 1.230 1.240
178 4 17 .950 .900 .640 .850 1.160 1.170
179 4 .900 ,850 .600 .800 1.080 1.100
180 4 18 .850 ,800 .560 .760 1.010 1.030
181 4 .800 .750 .540 .710 .930 .940
182 4 19 .750 .700 .520 .670 .850 .860
183 4 .690 ,650 .510 .620 .770 ,780
164 4 20 .640 ,610 .500 .580 .700 .710
185 4 .600 .570 .500 .550 .640 .650
136 4 21 .560 .540 .500 .530 .580 .590
187 4 .530 .520 .500 .510 • 550 .560
138 4 22 .510 ,500 .500 .500 .520 .530
189 4 .500 .500 .500 .500 .500 .510
190 4 23 .500 .500 .500 .500 .500 .500
191 4 .500 .500 .500 .500 .510 .500
192 4 24 • 500 .500 .510 .500 .520 .510
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TABLE A-3
in p u t  t i d a l  h eig h ts  (f t )
AVERAGE TIDES 0030 26JUL -  1200 30JUL*68
TIME TIDE s ta t io n s
STEP DAY HOUR A B c D E F
193 5 .510 .510 .510 .500 .530 .520
194 5 1 .510 .510 .520 .500 .540 .530
195 5 .520 .520 .520 .510 .550 .540
196 5 2 .520 .520 .530 .510 .570 .560
197 5 • 530 .530 .540 .510 .580 .580
198 5 3 .540 . 54 0 .550 .520 .600 .590
199 5 .550 .550 .570 .530 .640 .630
200 5 4 .570 .570 .580 .550 ,680 .670
2U1 5 .590 .590 .590 .570 .700 .690
202 5 5 .620 .610 .600 .590 .720 .710
203 5 ■ 660 .620 .620 • 600 .800 .790
2u4 5 6 .690 .630 .630 .630 .830 .820
205 5 .710 .630 .630 • 640 .880 .870
206 5 7 .730 .640 .640 . 660 .920 .920
207 5 .750 .660 .660 .680 . 960 .960
208 5 8 .780 .680 .670 .700 1.000 1.000
209 5 .800 .690 .670 .710 1.040 1.0A0
210 5 9 .820 .700 .680 .720 1.090 1.090
211 5 .840 .720 .680 .740 1.130 1.130
212 5 10 .860 .740 .690 .760 1.170 1.170
213 5 .870 .750 .700 .770 1.210 1.210
214 5 11 .880 ,760 .700 .780 1.240 1.2A0
215 5 .880 .770 .700 .790 1.260 1.260
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TABLE A-4 
in p u t  t i d a l  h e ig h ts  <f t )
eguatortal / spring  t id e s 3030 20SEP -  1200 22SEP*68
t im e TIDE STATIONS
STEP DAY HOUR A 3 C D E F
49 2 .700 .640 .830 .700 .850 .750
50 2 1 .750 .600 .860 .740 .910 .330
51 2 .800 .710 .890 .780 .980 .900
52 2 2 .050 .750 .930 .820 .040 .980
53 2 .900 .790 .970 .870 ,100 .050
54 2 3 .950 .830 1.000 .900 ,170 .130
55 2 1.000 ,870 1.040 .950 .240 .210
56 2 4 1.050 .Q10 1.070 .990 .300 .280
57 2 1.100 .950 1.100 1.030 .360 .350
56 2 5 1.150 .980 1.130 1.070 .430 .420
5g 2 1.180 1.030 1.150 1.110 .480 .480
60 2 6 1.220 1.070 1.170 1.150 ,550 .550
o l 2 1.250 1.110 1.190 1.190 ,600 .600
62 2 7 1.290 1.150 1.200 1.220 .650 .650
63 2 1.320 1.190 1,200 1.240 .700 .700
64 2 8 1.350 1.220 1.200 1.260 .740 .740
65 2 1.360 1.240 1.200 1.280 .770 .770
66 2 9 1.380 1.250 1.180 1.290 .790 .790
67 2 1.390 1.260 1.160 1.300 .800 .800
68 2 10 1.400 1.260 1.140 1.300 .790 .790
69 2 1.390 1.300 1.130 1.290 .760 .760
70 2 11 1.380 1.300 1.100 1.290 .730 .730
71 2 1.360 1,280 1.070 1.270 • 690 .694
72 2 12 1.340 1.270 1.040 1.250 .650 .650
73 2 1.310 1.250 1.000 1.220 .600 .600
74 2 13 1.280 1.240 .990 1.200 .540 .540
75 2 1.240 1.210 .960 1.160 .470 .480
76 2 14 1.210 1.190 .930 1.130 .410 .430
77 2 1.170 1.150 .900 1.090 .340 .370
78 2 15 1.130 1.120 .880 1.050 .^80 .320
79 2 1.090 1,080 .850 1.020 .210 .260
80 2 16 1.050 1.050 .830 .990 .150 .200
61 2 1.010 1,020 .810 .950 .090 .140
62 2 17 .980 .990 .800 .920 .040 .090
o3 2 .930 ,940 .800 .890 .980 .030
84 2 18 .890 .900 .800 .860 .930 .980
35 2 .870 .870 .800 .820 .390 .030
86 2 19 .850 .850 .800 .810 .850 .880
67 2 .830 .830 .800 .800 .820 .850
8 8 2 20 .810 .810 .800 .800 .800 .800
69 2 .800 .800 .810 .800 .800 .800
90 2 21 .800 .800 .820 .800 .800 .300
91 2 .800 .300 .330 .800 .310 .310
92 2 22 .810 .800 ,840 .800 .820 .820
93 2 .810 .800 .340 .800 .330 .830
94 2 23 .820 .800 .850 .800 .340 .840
95 2 .820 ,810 .850 .810 .850 ,850
96 2 24 .820 .810 .860 .820 .360 .860
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TABLE A-4 
INPUT TIDAL HEIGHTS (FT) 
EGUATORIAL/SPRING TIDES 0030 20SEP -  1200 22SEP*68 
t im e  t i d e  STATIONS
STEP DAY HOUR A P C D E F
97 3 • 830 .820 .870 .830 .910 .910
99 3 1 .040 .820 .880 .840 .960 .960
99 3 • 850 .830 .830 .860 1.000 1.000
100 3 2 • 860 .840 .890 .870 1.040 1.040
101 3 • 89U .860 .900 .890 1.080 1.030
102 3 3 .920 .370 .900 .900 1.120 1.120
103 3 • 940 .890 .910 .920 1.160 1.160
104- 3 4 • 960 .900 .920 .940 1.200 1.200
*05 3 • 980 .920 .930 .950 1.230 1.230
106 3 5 1.000 .940 .940 .960 1.260 1.260
107 3 1.030 .960 .950 .980 1.300 1.300
108 3 6 1,060 .980 .960 1.000 1.340 1,340
lu 9 3 1.080 1.000 .960 1.020 1.390 1.390
110 3 7 1.100 1.010 .970 1.030 1.430 1.430
111 3 1.120 1.030 .970 1.050 1.460 1.460
112 3 8 1.140 1.040 .980 1.060 1.480 1.480
113 3 1.150 1.060 .990 1.070 1.500 1.500
114 3 9 1.160 1.080 1.000 1.000 1.520 1.520
115 3 1.170 1.080 1.000 1.090 1.540 1.540
116 3 10 1.180 1.090 1.000 l . i o n 1.560 1.560
117 3 1.180 1.100 1.000 1.100 1.580 1.580
118 3 11 1.190 l .a n o 1.000 l . l o o 1.590 1.590
119 3 1.200 1.100 1.000 1.100 1.600 1.600
120 3 12 1.200 1.100 1.000 l . i o n 1.580 1.580
1^1 3 1.200 1.100 .990 1.090 1.520 1.530
122 3 13 1.200 1.100 .970 1.080 1.460 1.470
123 3 1.200 1.100 .950 1.070 1.400 1.420
124 3 14 1.180 1.060 .930 1.050 1.330 1.350
125 3 1.170 1.070 .920 1.050 1.260 1.290
126 3 15 a .160 1.060 .910 1.030 1.190 1.220
127 3 1.150 1.050 .900 1.020 1.130 1.160
3 23 3 16 1.140 1.040 .890 1.010 1.080 1.110
129 3 1.120 1.030 .870 1.000 1.030 1.060
130 3 17 1.110 1.020 ,860 1.000 1.000 1.020
131 3 1.100 1.010 .850 .990 1.010 1.000
132 3 18 1.090 1.000 .840 .980 1.020 1.000
133 3 1.070 .990 .830 .970 1.070 1.040
134 3 19 1.050 .970 .820 .960 1.J20 1.080
135 3 1.030 .960 .810 .950 1.200 1.170
136 3 20 1.020 .950 .800 .940 1.280 1.260
137 3 1.010 .930 .800 .930 1.320 1.320
138 3 21 1.010 .920 .790 .920 1.360 1.370
139 3 1.000 .910 .790 .910 1.400 1.400
140 3 22 1.000 .900 .780 .900 1.400 1.400
141 3 .990 .900 .780 .890 1.380 1.370
142 3 23 .980 .90 0 .770 .880 1.360 1.350
143 3 .970 .890 .760 .870 1.320 1.310
14 4 3 24 .950 .830 .750 .850 1.290 1.270
157
TABLE A-4 
INPUT TIDAL HEIGHTS (FT) 
EQUATORIAL/SPRING TIDES 0030 20SEP -  1200 22SEP*68
t i m e  t i d e  stations
STEP DAY houR A B C D E F
1*5 * .9*0 .870 .7*0 .8*0 1 .2*0 1.220
1*6 * 1 .920 .860 .730 .830 1.180 1.180
1*7 * .690 .3*0 .720 .820 1.110 1,130
1*8 * 2 .860 .820 .710 .810 1.0*0 1.080
1*9 * .8*0 .810 .710 .800 .980 1.030
ISO * 3 .820 ,«00 .700 .790 .030 .980
151 * .790 .780 .700 .700 .380 .930
I f  >2 * * .770 .760 .700 .770 .330 .880
153 * .750 .750 .700 .750 .780 .830
15* * 5 .730 .7*0 .710 .7*0 .7*0 ,790
155 * .720 .730 .710 .720 .720 .760
156 * 6 .710 .720 .710 .710 .700 .730
157 * .700 .710 .720 .700 .700 .710
158 * 7 .700 .700 .720 .700 .710 .700
159 * .710 .700 .730 .710 .720 .710
loO * 3 .720 .700 .7*0 .720 .7*0 .730
161 * .730 .710 ,760 .730 .760 .750
162 * 9 .7*0 .720 .780 .7*0 .790 .770
163 * .750 .730 * 800 .7*0 .320 .800
16* * 10 .760 .7*0 .820 .750 .350 .020
165 * .780 .760 .830 .770 .690 .860
166 * 11 .800 .780 .8*0 .790 .930 .ono
167 * .830 .300 .360 .810 .980 .9 *0
1*8 * 12 .860 .820 .880 .830 1.020 .980
Appendix B
Comparison of Observed to Model Currents 
Stations 10, 15, 15A, 3, 5, 6, 12, 13, 
18, 19, 2, 8, 9, 4, 20
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Appendix C 
Surface Elevation and Currents 
for
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C H R N D E L E U R - B R E T 0 N  
S O U N D S  E S T U R R Y
S U R F R C E  EL.EV (CM) 
D R Y  !
H 0 U R  23
4 4
3 4 3 3 
3 3 3 
2 2 2 3




CGR10 LI  5 
BUT. FRI  Cl 3CN 
WIND 5 KN/24D OEG 
QRTE 2 2 - 2 4  PUG 69
9 5 1 1 1  
’2 12 9 0 1
’.2 12 12 12
2 1
1 1 1 1 1  
I I 1
1 1 1
1 1 1 1  
1 1 1




15 1 1 1 I 1 1 n i
13 15 4t t t I t 1 2
L7 !5 2 o i o 414- 2 ft
17 15 M I 1 n-b pib 41b 2 2 n4a rt
16 )2 1 2 2 o n ft 4> p» L.
12 T o i 1 n o 41 n nb ■*1«a 3 3
10 7 i -3k o n n4. 2 2 2 3 3 3 3
3 5 3 2 41c. 2 .1 T 1 3 3 3 3 3
5 A 3 2 2 2 2 3 3 3 3 3 3 3
6 1 o*- *1 2 O 3 3 3 3 3 3 3 3
2 o 2 (14* 3 3 3 3 3 4 A 42 n 2 <■» n 1 3 3 3 4 4 4 A 4
2 2 n ■i 3 3 3 3 ■1 4 4 i 4
nw 2 o 2 2 4 * 4 • 4 s s 4
2 n 4J 2 tul 4 4 4 4 5 5 5 3
2 s 6 c 5 5 5 5 5 r 5
4 3 *> 6 6 6 5 3 5 rt 5 G 7
2 6 & 6 5 6 5 5 7 7 7 7•i4. 6 6 6 5 G 5 7 7 7 3 3
y V 3 9 5
3 7 7 5 5 5
0 ) 1 1 1 1 1 1  
1 I  I  1 1 !  1
1 1 1 1 1 2  2 
1 1
4 4 S 5 S 5 S S 6 S 7 7 7 7  
3 1 4 4 4 4 4 4 4 4  ’ 7 7
3 3 3 3 3 4 4 4,
3 3 3 3 3 3 4 4
4 3 7 7
4 3 3 7 3
3 3 3 3 3 3 3 3 4 3 3
3 3 3 3 3 3 3 2 2 
3 3 3 3 3 3 2 2  
2 2 2 2 2 3 3 3 3
<J ■? ft o o ,  p o
ft fI o
*. * p.
.1 ft ft o ft
ft t
ftftftrtft<titftn
1 1 1 1  
1 1 1 1 1
r i  ft t ft
1
1 1 1 1 ) 1 1 1  
1 1 1 1 1  c
1 ) 1 1 1  2
1 C
1 C
C C 0 
C G
 C 0 
1 1 1 1 ) 1 1 2  0 











12 : i 
12 * 2 
13 '3 12
2 2 2 3 3
2 2 3 3 3
2 3 3 3 3
2 3 3 4 42 3 4 4 *
2 3 4 4 4
2 4 4 4 *
o *) fy n 43 n »i i
3 4 
3 4
5 5 5 
5 5 5 
3 5 5 5 5 
3 5 5 5 
6 10 10 10 10 
11 11 1111 
i li 1 i o11n 
10 10 5 10 10
10 10 IP 10 11
11 II 10 II 11 
11 11 ! I 1111
| n i<2 *2 ^
11? 1: 12 ic
* v H \Q
L J 1 I 2 I. L 1 I
j i i i 2 L I 1 1 2 12 ’ 3 * 3 12
O n O O  ̂1  ̂ 1 1 1 2 t O' *3 12
13 ‘3 13 '3 12
13 '3 13 13 ’3 12 
2 2 2 2 3 2 9 '3 *3 ’3 r3 '3 ’3 '3
2 2 2 2 3 14 '* 13 13 '3 13 ' 3 13
3 3 3 3 3 13 13 13 '3 13 '3 13 '3 13
3 2 2 13 14 14 >4 '3 13 '3 13 '3 13
3 2 3 13 13 14 13 13 !3 13 13 13 '3 13
3 2 14 13 14 14 14 14 14 13 14 13 13
3 14 14 13 14 ’,4 14 *4 14 14 14 14 14
14 '4 14 13 14 14 14 14 14 14 >4 14 14
12 13 13 13 13 14 14 14 14 14 14 14 14 >4
13 13 '3 13 13 14 14 14 14 14 ‘4 ’4 14 <4
13 13 '3 13 13 14 14 14 14 14 14 14 <4 J4
13 13 '3 '3 13 14 14 14 14 14 14 14 14 14
12 12 13 '.3 ’ 3 13 14 14 14 14 14 14 14 14
*2 12 '2* 3 1 3 *3*3 I* '4 '4 14 14 *4 14 
12 12 '2 13 13 13 13 14 14 14 14 )4 !4 ’.4
12 12 '3 13 13 13 13 14 14 14 14 14 14 14
13 *3 *3 13 13 14 14 14 14 14 14 15 IS !5
13 13 13 13 13 13 13 ’* 14 '4 14 14 15 15
10 10 ’I 11 12 12 12 13 13 13 14 14 14 15
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1J '3 9 St 3 5 3 3 10 1C 10 10 IG (0 10 11 113!
I3 9 3 9 3 ID 10 10 1C 10 10 10 1C 10 U  11 11 I I
9 9 9 9 9 10 SO 1C 10 10 ID 10 10 10 10 LI 11 11 11
9 9 9 3 9 3  ' .0 10 10 10 10 10 1C 1C- 10 10 U  U  11 11
9 9 9 S 3 9 S 3 9  3 10 10 10 10 10 10 10 10 11 1 1 1 1 1 1
9 3 9 3 9 3 9 9 9 9 9 1 0 1 0 I O I G I G I 1 1 M M I
5 9 9 3 3 3 3 3 3 9 9 9 10 10 1 1 1 1 1 ! 1 I
C H R N D E L E U R - B R E T Q N  7 9 7 1 7 7 7 7 7 7 7 9 3 9 5  in?I? 
S O U N D S  E S T U A R Y
S U R F A C E  E L E V  (CM )
5 7 7 7 7 7 7 7 7 7 7 7 7 7 0
5 5 6 6 5 5 5 5 7 7 7 7 7 7 7 5
5 5 6 6 6 5 5 6 5 5 5 7 7 7 7 1?
DRY 1 
H 0 U R  24
TERMS 
C 0 N V . INERTIP 
CCRIOLIS 
00T . FRICTION 
MIND 6 KN/240 DEG 
OPTE 22 — 2-4 PUG 68





M M  
M  M  1 
M  M  13 H I  
15 15 M  1? 10 10
I I  10 9 5 
1? 1? 11 10 3 S 
9 5 4




















































5 5 5 5 











5 5 5 5 5
5 6 6 6 5
5 6 6 6 5
5 5 7 5 5
5 7 7 7 5
6 7 3 7 5
5 9 3 7 5
7 3 3 3 5

















4 4 4 3 3 3 16 15
4 4 4 4 4 3 16 15
4 4 4 4 4 17 16 15
4 4 4 4 6 17 17 15 16
4 4 4 17 17 17 16
4 4 4 13 17 17 17 15
5 5 5 5 5 b 19 13 17 17 17 17
5 5 5 5 5 12 17 13 13 17 17 17 17
5 5 5 5 17 17 13 13 17 17 17 17
6 5 S I I  17 13 19 13 13 17 17 17 17
3 5 17 13 13 15 13 19 13 17 17 17
5 5 17 13 13 19 19 13 19 13 17 17 17
5 13 13 13 13 13 13 13 13 13 13 17
13 13 13 13 13 13 13 13 15 13 13 15 




5 U  ' ? ' ?  ’.3 16 17 19 13 13 19 13 13 13 13 13 13 13 13
9 10 12 *3 ‘.3 ' 3  3
9 10 1C <2 '.3 ’.3 ’ 3 13
3 10 10 10 I I  13 13 M  13 14
1 1 10 11 I I  12 12 14 14 ! 5  M  >4
5 3 13 13 '.3 M  17 17 19 15 17 17 17 19 19 13 19 13 13 19
5 15 14 14 M  17 | 7  13 13 17 17 17 19 13 13 13 13 13 13
■5 15 ' 4  M  15 17 17 13 17 17 17 17 13 13 19 13 13 13 13
4 1 6 1 7 1 7 1 7 1 7 1 7 1 7 1 7 1 3 1 3 1 3  13 15 13 
3 15 16 17 17 1 7 1 7 1 7 1 7 1 7 1 3  13 1 3 1 3 1 3  
5 16 15 17 17 17 17 17 17 17 17 13 13 13 13 
5 15 15 17 17 17 17 17 17 17 13 13 13 13 15 
5 St 11 I 1 12 12 14 14 IS IS 15 15 16 15 15 15 17 17 17 17 17 17 13 13 13 13
9 9 12 15 15 15 ' 6  17 17 17 17 17 13 13 13 13 13 13 13 13 IS
_______________________12 12 13 13 H  14 14 1 5 1 5 1 5  15 1 5 1 7 1 7 1 7 1 3 1 3 1 3
It ! t ; t i < ;5 tS 15 15 15 IS IS 16 '6 t5 t«i <5 IS 15 17
SOUNDS ESTURRY
S U R F A C E  E L E V  (CM) 
D R Y  2 
H 3 U R  1
10
TERMS 
C0NV. INERTIP  
C0RI CLI S  
B0T - FRICTION 





0 0 0 
3 3 3
15 15 15 15 15 15 15 16 16 15 16 l b 16 16 15 16 16 17
15 15 15 15 IS 15 15 15 16 15 15 15 16 16 15 15 16 17 16
I t 15 l c . J IS 15 15 15 15 16 16 15 16 15 16 15 15 17 17 15
! t i t I t 15 15 15 15 15 16 15 >5 16 ' 6 15 15 15 17 17 17
U 14 I t I t I t 15 15 15 15 15 15 15 16 16 15 15 17 17 17
I t I t 1 1 ; t ■ t I t ' t ' 5 IS ’ 5 15 *5 15 •5 16 17 17 17
12 1 1 11 ' 3 ■3 11 13 13 13 ’ 3 ' 3 13 17 17 17
12 12 12 1 f | 12 1 41t t i 12 12 1 *» t  -* 13 13 13 13 13 1 1 17 17
11 1 1 11 12 12 12 12 11 12 ♦I  L 12 t n« 4- 1 »» ■ b 13 12 1 I 11 17 17
11 1 1 11 1 1 11 I I 12 12 12 12 12 i  n 12 i  n ’ 2 1 I 17 17
11 11 11 U 1 1 11 11 1 I 11 11 1 1 12 12 12 12 10 10 13
10 1 1 11 1! 11 11 1 1 1 1 11 11 11 1 1 11 11 10 10 15
10 10 10 10 10 10 10 1 I 11 11 11 11 1 1 11 11 to 10 13
9 9 10 to 10 10 10 10 10 10 11 11 1 1 11 11 10 9 13
9 10 10 10 to 1C 1C 10 to 11 11 1 1 1 1 11 10 5 13
9 9 5 1? 10 10 10 10 10 to 10 10 10 11 10 r IS
C R T E 2 2 -
o  
■ C.‘1 R U G 6 ou i j j
3 t C 7 7 fi r
'7»* <* AW © c
i 1 3 3 3 © r
- 1 2 5 7 n «j
i 7 3 n*> 3 ©
13 6 5 7 7 7
11 1 3 6 6 7 7 7 3 j ej « 3
i a t 2 r•i 6 7 3 7 O 3 3 * 9
13 11. i. 12 r, 7 7 7 3 7 f*J 3 9 9 9
r *1 t n 1 * * tr I t. 13 10 7 7 3 <7J •> -• 3 9 9 * 9
13 13 12 1 1 9 10 10 6 7 7 7 7 <1 rt n 9 9 9 9 9
10 10 10 7 6 6 7 7 7 7 r 3 3 9 9 9 9 9
11 ' 1 10 10 10 7 5 7 7 7 7 n 3 C7 9 S 9 9 9 9
9 5 5 5 7 7 7 7 c* 3 3 9 9 9 9 9 9
9 3 6 5 6 7 7 7 f7 3 3 9 9 5 10 i c  lo 5
6 5 7 7 7 e P 3 9 9 9 10 IG 10 10
5 6 6 7 7 7 «i C 3 9 9 10 10 10 LG 10
6 5 7 7 7 3 a 9 9 5 10 10 10 10 10
e■j fu> 5 5 6 c. 9 9 5 10 10 10 10 LO 10
5 rV 5 5 10 6 9 9 10 10 11 11 11 1L10
r 5 10 10 10 to 10 10 10 11 11 1 I i o
9 9 9 10 10 10 LO 10 1C 10 10
9 9 9 9 10 10 10 10 LO 10 10
9 9 9 9 9 9 9 9 10 !C 10
9 9 9 9 9 9 9
9 9 9 9 9 9 9
9 9 9 9 9 9 9
9 9 9 9 9 9 9
9 9 9 9 9 9 9
9 9 9 9 9 9 9
9 9 9 9 9 9 9
9 10 9 9 9 9 9












C  01 jo 
2 4 2 1 21 10 
102* 2 • 2 1 2' 70
i pi ii jq
C
9 17 22 22
i i  i i
9 t o  to t o  10 
9 1511 10 10 10 10 10 
9 10 U  10 10 10 10 9
9 I I 11 10 10 10 10 9 19 22 22 22 22
9 10 I I 12 11 10 10 10 22 22 22 22 22
9 10 11 12 11 10 10 10 22 22 22 22 22 22
9 10 12 <2 11 10 10 22 22 22 22 22 22
*1 13 13 13 23 22 22 22 22 22 22 22
1* 16 19 17 20 22 22 22 22 22 22 22 22
17 13 13 13 21 21 22 22 22 22 22 22 22
19 13 13 19 21 21 22 22 22 22 22 22 22
13 19 13 13 1921 21 2 '  2 2 2 2 2 2 2 2 2 2 2 2  
3 5 10 10 10 10 10 10 11 11 12 17 ' 3  1 *  19 13 17 17 17 13 20 21 21 21 22 22 22 22 22
5 11 11 11 11 11 11 11 12 12 13 13 i t  19 19 17 17 17 1 9 2 C 20  21 21 21 21 22 2 2 2 2
5 ' 0  10 ID 10 10 11 IS 12 13 13 I t  13 13 17 13 17 13 19 20 20 20  21 21 21 21 22 22
13 ' 3  I t  15 15 19 17 13 13 15 IS 19 20 20 20 21 21 21 21 2 !  22
10 13 13 I t  15 >9 >9 17 13 15 19 19 00 20 21 2 !  21 21 21 22 22 22
13 I t  15 20 19 19 00 20 21 21 21 21 21 21 22 22
 _______________________________________ H  !7  17 13 13 13 19 19 20 20 20 2 !  21
• i  i  4i r 
b  ,  9  •
O O 
b b
O 1n  i  i  
t  * 4 
|
£ £ J 122 22 0 1
4»0 4*r? I . L  t - 6 22 22 11
n  *1 ■T’TW b  tv b 22 22 22'
■ ir j  >22 22 22 22 '
■i.i mL. t .  «_ U 2 2 22 2 7
2 2
■ l- l  I f l  b h  «. L >1 n 22 2 2  '
A 2 •1 41 22 02 ■’
2 2  22 22 ii
2 0  2 2 22 ■'l-T 1.1. 22
2 2  2 2 r» * it- fc 2 2 2 0
-•>/> 2 2 o o 2 2 i i  >
45 41 O O 2  2
ft ft03 .!
o o  £ 2 2 2 0 *1 03 :
2 2 2 2 03 :
o o  n ib L  b b 2 2 2 2 03 1
2 2  2 2 22 22 03
4» .i 2 2 22 23 03 I
2* 2222 23 23 I
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_________ ; •  2 2 *. J !  ̂  2 ", 2 ^ 2 1  22 22 22 22 22 22 22 23 23 23 23
j ;  2 ; 21 2 1 22 22 22 22 22 22 22 22 22 22 23 23 23 23 i 3
2 :  2". 2 !  22  22 22 2Z 22 2Z 22 22 22 22 22 22 23 23 23 23 | 3
2 ' 2 ’ 2 '  2 ' 2 1 2 2  22 22 22 22 22 22 22 22 22 22 23 23 23 23 ?3
20  20 20  2 !  2 : 2 : 2'. 22 22 22 22 22 22 22 22 22 22 23 23 23 23 | 3
SOUNDS ESTURRY
SURFP.CE EL.EV [CM) 
D R Y  2 
H O U R  2
15
TERMS 
CC'NV. INERT I R
c :;r i ol 1 s
EOT. FRICTION'
NINO 5 KN/ I NO CEO 
C O I F  Z Z - 2 ‘\ P.UG 6 0
7 7 7 5 1 *
5 5 5 5 15V
y *S*5i5>5<s!5‘S,5 1S!5 1?15
7 3 v : 3 : 3 : ' < : < l G ’ ; i 5 ! - , - , 5 Tt J ! 5 l 5 ! 5  






13 14 13 
12 1 1
2 2 22 22 22 23 23 23 23 f 3
21 22 22 Z2 22 23 23 23 h
2C 20 20 19 23 23 23 i  i
13 I S I S 19 13 23 23 $4
IS IS IS IS  13 13 23 23
f *
IS IS I S I S 13 23 23
1
13 13 13 13 13 17 23 1 1\
12 13 13 I 2 17 17 23
f 4
13 13 12 12 17 17 23 i 4
13 13 12 1Z 1 7 * 7  24 2-41
17 17 12 17 ’ 7 15 24 14
17 17 ' 7 \1 15 24 u
<7 15 ’ 5 ; 5 15 24 4
'5 15 1 CT J 4 47 1C 25 :o
1 r 1 5 *4 14 14 IE 25 :s
1 F 14 14 14 15 25 :o
14 : 4 It 14 14 25 25 :s
14 14 11 14 14 25 25 . 3
14 \ 5 \ 4 14 14 25 25 . ;S
14 T F ’ 5 IS 25 25 25 . :5
• 4 *5 J C *5 25 25 25 25 . :o
S3 1? 12 1
I D 11 13 12 17 13 '
I t  ' . 113  12 12 13 13 13 14 14 14 ( 4 * 5  15 15 15 15 15 15 IE 1 5 ( 5  15 ' 5  15 3? 25 25 25 $5
1111 1 2  1 3 ■ 2 1 3 1 2 1 4 1 4  1 4 1 4  1 5  1 S ' 5 l 5 15 15 '  5 1 5 15 1 5 * 5 ' 5 11
U  13 12 1: 14 14 14 14 ' 1 15 15*5151515!
S l S l S ' E ' E l S  27 25 25 25 25 | 5  
5 IE '.5 15 15 27 27 25 25 25 ZS 25
1"  12 12 1 3 13 13 14 14 1 4 1 4 1 4 * 5 ’ E 1 3 15 ’ 3 ! 5 I 5 I 3 15 15 '.5 22 25 27 27  25 25
2 1 2 2 1 1 11 1(7 22 9 IG : 1 i2
1 ! 12 11 1C * n 4 4, t ! n t r [ 2
: 1 11 : : 11 1C 12 11 Ll « n ♦ n
17 1C 1C 1 1 1 1 11 * n. 4L 1 n
' 2 5 10 t c 1 1 1 1 LL . 4 4 n . 4.
1 1 1 1 1 1 t l : r * 2
11 11 1 1 1 1 11 \ 2
1C 11 1 1 U : 1 • T
IG IG !u IG ■c » 1
IG IG 10 • : * *4
IG i n 14 *.4 14
S 1C : c \ A r 4 * t 1 t
IG * t t c • r . -j
S « &ii u \ A
25 25 | g
n -l -  *7 <- *»
27 27 27 2** 25 25 25 } 5
I
-47 *3 7 n -7 “1 *r m “I ^
1
27 2'’ 2 7  27  27 27 25 | 5  
2 7 2 7  i 5I t  1 1  n  T*» 7 3
G  t l  l l ’ l ' 2 ' 3  ‘ 3 ' 4  ' 4  ’ 7 ' 5  , i r  ’ 1 ' 5  * f« 2 0 - ^ - ' *  2 *• 2 5 2 7 2 7 2 7 2 7 2 7 2 7 2 7 2 7 2 7 2 “* 2 "* 2 7 ^  S
I 1S22 2L>-22325252‘!2"2"’252725272727272‘,2"i2S
23 22 23 25  25 27 Z7 27 25 20 25 25 25 20 25 27 27 75 
23 2 *  23 - Z  24 25 25 25 25 2 7 25 25 25 25 25 25 25 2 7 27
*5 15 15 17 17 13 JS 2 0  21 22 2: 22 21 25 25 25 25 25 25 25 25 25 25 25 25 25 27 | 7
15 10 17 17 10 15 15 20 21 22 22 22 2 4 25 25 25 25 25 25 25 25 25 25 25 25 25 2 1
17 13 13 15 20 2 ‘ 22 22 23 22 23 24 2 5  25 35 25 25 25 25 25 25 25 25 25 25 2 ”
11 17 ' 7  15 15 20 21 22 22 23 23 - 9  - •  - 4  25 25 2b 25 25 25 25 25 25 25 25 25 2~> }n
13 13 20 25 2 1 2*'- 25 25  25  25 20 25 25 25 2 5  25  25 20 27 2 7 2? :
2 1 2 1 2 1 ' -  22 23 23 23 2 -  2 t 2 4 25 25 25 25 25 25 2 7 .
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23 23__23 23 2a 2d 2a2a2a2a-’.)2d 25 2it ii ii 2d 2 j 2a
Z3 2a 2i 23 2 i  i'3 .’ a 23 23 23 23 23 2i 23 23 23 23 23 l a  
d 2 a 2 : l 2 d 2 & 2 d 2 a  2 3 2 : ! 2 : i 2 d 2 d 2 a . ! d 2 d 2 3 2 d 2 a23 73:
23 23 23 23 23 23 23 2a 23 23 23 2} 23 23 23 23 23 2d 2d 2a | 0  
22 22 22 23 23 2? 23 23 2? 23 23 2a 23 2 j 23 23 23 23 23 23 TC-2 a 1t» 
2?2'd 23 23 23 2d 73 2a 2 a 7 a2d2 - a  2a 2a 2a 2 j  2 a 23 30 2J }oI
23 23 23 23 23 23 23 23 23 23 23 23 23 23 2 a 2a 21: 23 TL-C H H N D E L E U R -6R E1 0 N - s 272 ?2?2 72?c ? : ? : ? ; ? 2?2 2 2 2 2 ?23 t o  t o 2 3 t o
23 f c 5 2 ? 2 ? 2 7 2 7 2 ? 2 ? 2 7 2 ? I ? ? 2 S 2 5 2 5 2 $ ^ b  3P "N 3P
22 23 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 23 30 23 •jt'I
25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 23 20 2a TO
SOUNDS ESTURRY
S U R F P . C E  EL.EV ( C M )
D R Y
H 6 U R
2
3
T E R M S
CCNV - INERTIP 
C t' R i C L f 5 
5f;T.  FRICTION 
UINU 5 KN/24C DEG
25 25 25 23 25 25 25 25 25 25 25 25 25 25 25 25 2: 24
25 25 25 23 23 25 25 25 25 25 25 25 25 25 2i 24
23 22 2: 23 2 1 25 25 25 23 25 25 25 25 25 25 2-1 24
15 IS 22 23 Zi 24 2; 24 24 24 24 2 * 24 2 4 25 25 25 24 23
i 3 5 ’.2 22 2i 2-i 2* 23 ?.3 2 ■ 24 24 24 2: 24 2 4 2i 24 23
1 7 22 23 23 23 23 23 24 2+ 24 24 2+ 2-1 24 24 24 2* 23
2! 22 22 22 22 23 23 23 23 23 23 23 23 23 23 23 23 23 23
2’ 2 1 2' 2222 2222 23232323 23 23 23 232323222' 23
*7 ni— t- P U G 5 3
i c  n * 22 22 22 22 22 72 23 23
’.3 13 15 20 20 21 2i  2 1 "'1 j ' * 22 22 22 ^2
12 2 0 n * 2 ’ 2 4 *1 1 2 * 22 22 22 22
: 3 »nft «> 14 2 c  ; u  2 0  : : 2 1 2  * 2 1 ^ 1 22 22 22 22
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7  7  1  ^  AI 3 j * A j ' -j • j v> -J ' 'V'4 ,̂ ,si’'i-'a’~'1~ Ĵ fi V2T-*'■'■6' ' 45.!*3 *j o U?i_';K-Vv *k *k \ \ \ ̂  N  ̂A  T T i> L ‘4  T 2- b '•’ ^  ^ -
■ * ■ ^ ■ 5 ^ 0  ■*fl 4 -  <; i ', 5 '3 *3 ^ S rj t ~ i ~ ’} !3  l 3 ’ ]> vs <7 ^  i  ' <<  ̂'j .  <1 \ \ \ W  ILiiki ^  j.. '2-0,14. ^
'0 J b J. ry 4 [J K K . 7  ̂  ̂1 '£l'VV'tM - J 4. V->t ^ V.*.^ \ \ ^ ^   ̂ * \ i: b f
i  ' * .  $  1 < .  1 ,  *5. V rJ . 'i  i  J 1?  1 V ' L ' ^  t  i i  r c r  ,  ’ 3
F I  3  2 4 < A V U . . 5 J
“ 17 4
\ sA'A'a//^-] b < rj 'i ’D'J 'i  ̂7 (i 2(12̂  rT iC'̂ C
r .-j * ^  \  \  \  ^  \  \  'X < A  T  T  T  /  .1 .! ^  - -
T ^ y n -  -«-4  ̂ i  1 i  >c y >j 5 5 t r x '  ,  < 1 1 7 >•; j  i „ #T  ± r*r -ar-t- -.t 730
i  ~ * ‘\ t '  *  J 4 ' b  ’  7 'J <G 3 .  3 .  L ' V i ^  ^  ' t ' 7’ ^
\  T  r. i  K  < i t  U  T  ' . , 3 ^ * ,  1 I 10 ' 1 1 1 kC, ^  . . .
V .  7 r  r t - * '  v *  a r  -t 1  o  v i 1̂  t  i  r . .  /  .  >  1 ■» n  i V  I /  r f /  T^— ^  ̂ T * 1 17 I  P\ .7^ ^ r r C ^ ^ v v K V V ^ x v v . t v v v /  o  j   '   '  ...
J b 3
^ fl- i(tit,-K - , . . , . , , - - , , . V5 >G 11 T1 >1 n ,ifi \1 ; O 1 1 3 j 'IM 4. ii'i' j'V v y s !  ^  Tt'̂  *r ̂  IT 4r ■? ipi.
^ ■a-' 1 i y 7 ■! ic'i'h.i:^ .'v10 :s t? x  &  i r  i f  i f  tr-tr i; 174 Z 1 - : Ta \ X . 34 Z6!?'^'7t'j>SLS,t)’'(b I 4' 12 ’I ft*-IT ■*'*-X"*■*'*' A- 4r-t~ ,2n, ̂j 3 J. I . t 1“ 7 7 X X X X X X X 'i '3 '*1 :uzi.:* t«v. .
14 / X'1' ^ f f  x3x'Y'Y'J 1 YX.XV ;:^zT^ <5 n î i'Tzc so 15.45.«.”’*" T t-3̂ ■f f ̂ f1 T 1311 ' .  v l  *  ', r\‘ f V  .  *  1 r 1 f  -1 ^  ' f ”  I f  » \  I * ■ V l' » y  /  , /  i X  i /  1/  v ' '  V  A * ' , | J
>j Si 'IIZ'Z’.Z'j 3 ZlJtZS^ Z3ZL'iS«r-̂T  fi I i y -j * 1
2 T K . \ K K s 7 k 1 A \ - . ^ K . 7 v ,I j : ] 5 5 1 ’ 5 s, 'v'iJiS
4  j  ‘a i p  n  r5  J p . !<  T T  7 ! 2 ^ 7
3< ;y z-i :i;z zz :u zr zl‘ <?i ?=i 13̂ .
JC 3Z Z7 Z3Z3 Z3 Z3 Z'. Z'. Z3 ;
_Z7 Z3.Z3 Z3.ZZ ̂ZO.̂ .y.45- .
>7 ZD z: Z3 z: '3 '3 I 7 'S ■ 4 '3 1 1 ' ............. ’ *' *. , tC ,2 . . -,___. 3 3 i r> ‘3 14 14.15 *4 10 11 3 -3 7 5 5 3 1 r
T r ^ - f r f i - S - ? - * - * ! -  /  4. I j, I  i £  i  ±  j, J, v l r A ^
* .0 . *1 '3 ’ 0 1 2 ’ 6 1 " 17 * 5 1 4 1 5 ! 3 I 1 1 ? i1 5̂1 3̂ ' ? J1 .3 *T 1R V  s,\,\* 'a 'h vA'*'V*'*'*i*'^-+|,
Ti ,0 ,0 3 Z Z 1 l _iD it?
201
•; q  ‘ f r i p  1. n h  j  l . ^
u  i.j t. .j -■)
C i J R R E N  rs 
D P Y 
HPiJR
i1' i; 'tV *
•i'j
i m e c  r;
....... -tr-tr-V-1?- “*c t +• T. ̂  "fe A  *fe■; -j m *" '. * ’S '2 '5 ;u '2 •? *.■» J*iL 
t? C *r ^  £  £ $ £ £ £  x  x  £ K
c, • rr 1 j
■*“  n  £  £  £  /  »£ s i J  * *ij t *1. ;*b(
*  * :  *  J  ^  j f  j i - t '  G  /  I  *15
'  c  T  T  !j n  | C  I <  17  i r ,  : ! ■  ■(> :7  '7  ' ' ' ;  T i  'J i .  Z£i
-4- = 5 - ^ - ^ r  X "  £  ■£ g  J. £  -I 4, J, i , 3 £ £  i. j ,  "|o
; I t. 1 } 1 2 1 r 17 » ~ * 2  1 2 ■ ? * G * *> I 2 ! J ! 0 2 ^ i - : L
*~'ir'xX' *££'£x g £ 4 4 4  i i 4 -I- 4- 1 ct 7 ' m 7 '2.c :3:E;■ f:?' f 1 p  \i \ :_j_
n *  r >  O ' — | ' n \ '  4  £  £  ̂  *  £  %  x  ■/, g, £  4  £  •/■ „*■ V
"  -  D E L  I U i  i _ ’ > / r : ? ' y F . r v V V V V  J 4 i ' V 7
" <■' T  1 1 n  p  V  A  A  A  A  r.i_ -i
{- 444 4'i't'A' d'i 4'i 4 •&*. î.1 *< AA
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tv \ S J 'Ck?? £ V .H  ̂kjWkskA k k̂ kû AA A«iikA, k-A A A A A A A«i
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T  f  -S’ ' k A  l A r 4  ^  ^  •V; 'K  ^  ^  ■‘ ’n ^ s ^ L
* ”*"  i  *  V  bC H A N D E L E U R - B R E T O M , V Mt>hht-hi*.4> *"‘
q  H i I K? H  Q c  c  T  I i Q p  Y j- t ! ̂ -y *- i+1 it* ^  *'• ̂  ^  ^ ^ ^  ft 'Elu  u  U  i i J  O  i- — U  H  R\ I K i. -t-j 4, 4;, 4'!t:Vi4j0V  ̂i;  ̂5  ̂  ̂£ ’-Ar^sC
yi * 4  >7̂i ‘■J A ,  A , Hsi 4 , -if. 4  4  -4 if Ct \  r
2 4
C U R R E N T S  
D R Y  
H O U R
T E R M S  
CONV. INERTIA 
CORi CL I 5 
SOT- FRICTION 
NINO 0 KN/240 DOG 
DRTO 22-24 RUG 68
1 C M / S E C  )
2 f,̂ '] h 4v, 4', 4, 4, V A A A Y  ̂A  ̂C >£: ■/-, A Tr. 4-, i, 4 4 4 \  \  4 4 4 4 T
4 4 I; \  4; 4 4 4 V T, T 4( if-, if- ^ T
\ : \  A  o  A  A  A  A  i - 4 A a , + 5 A  i j T
J ’ :'l A^^iK A K 4 k AAK A A •? A 
. a t  v vvH A  W X A  H  
^  l ^ ' J i  *  U A a W X  ^  4 ,









/  A  ^  V * l *  ' * ^ 2 *  r * /  0 h  -ifj *  7  Y  ,  4 ,  ^  ^
f A 3 +« ^_S ^ s ^ . r  +_« " I:
rt-pj «_‘ K*̂  r̂ s ̂  i t ] - ^ 4 :* Jl
' _I5 'V E  “ r  ~p  ’ j  x j  r ~ V  y  J ’ ■■ i ; j  v  i !>- * p  ■ L ^ „ .v , L I. I JvT. ** ^ -t v. 4 4r •V- - _i•* . “
\ *■ * 1  4siiv' y i t
^ ■ K / ’ < "A s- ,i .3 ;» y... i^ . 1+o+e : ^
~  J .  N , ’ -u  - f  a .  j 9 -  ^rc 'a ijf '(; ̂ *5 ■ ^ *
y sr̂e /  yy -~yyy L .r̂'
i \',,fJV <'Cs s -j V 3 5r,y^, l
"  ■ . v  a- 4 '*■/.$' ■•'o* - - >A - \ ♦_« ̂  4 .sr 1 i ■ - ■
M ’r!3
^ ^ >-■ 7 >2 'Bar'*'*'+' aT5 2̂2 a'y y a ' l> _,3
“ J *j K  *V x  W-. b X) , 'j  7 T  ' t  3 t  ! I ' :
j  ^  \  ■ T ' ^  '. '- v  j y  ^  j£ ^  r> 3 ■.; y  ^  *■' tz y  m  $  ,j ' io
7 !> '3  . . . ! J S  "  - w ? _ i a _ ^ a _ a _  3 4 '- -3 , i C . t v . . ^ ^  ’ b  ’ , f > S  A a _ « L  IS  ' 4  <5 :S  ■ ' - I X .  ,ig -:r :s a't* Tf ; j j y t? *■ i, n'.'ifi'^ jo *?>'y y y y y  1.̂yy y y  y y  \j n ? : y y  ...
: j ; j  *  3 i  , » . £ j i i  ! c  :  :  i A  \  \  \  n i  s *  j _ ‘j  m  ; i  t  t  - j  y .
^  ■s'bt \ i  >i. i y  *- ^ j  ^ j  : x b y  4  . K - y y x ' t f t x '  3 1c
J : r 1 -. .: \ : > i \ i r j  < ? i ' 3 ' *  < <  *  ̂ • ■ r ; * Ti - , A  <r *3  >s * s > i = . 2.4 i
m -.i ’-h‘̂  \ i  x ' y y   ̂ b j y  y  y  i ? yV -  '-. x 3  :  l :  i ’ ; -  3  :  3  c ̂  ^  i, s k, « ,  b b 1 c • g 13 ,4; z m .^3  b » 2, 0 ->i '*  \ i ^ y y / . ^ J .  j. i, 7 1 x y  y  y  y  y  ^ x ' >ofe
r, 0 J j J. y : ’: ; j .? j J j *7 i #  2 34. 7 . 3 b s • 0 > n > r * ̂  ■ 3 ’ ■ ;1 r <,7 ;
3 ~ jL ._ X .- f -  - 3 •; 4 X b 4 4 ’  3 J 3Tb 0 r  ^  ^  •) -J -j tc  • 1 !3  >7 'X  <4 *7 ,J
' H, ^  -  i ~ * ‘l 7? . y y * ~ y y ' -  /  i ^ / t  u o  ^ y y y y  y  x  * y *  *  y  - ^ i ?■- ~ v  1 ' 1 * J J gi  ̂~ r 1 1 7̂'\ ^  »7 t*i 1̂ 1 iy 15 ic ifi ir, 17 *r. if. tt; if,,
. . . .YfL'Svi'M   ------- ----  ' " ' ^
r  ' C  \  \ I *  y y y - y  ̂ -  .^. \£ S r r , jr*l 2 i *.'■ I l £ T 13£^.:o:C:0:J,7!4’3!5’£,''i'£'£'£>0.
' -p  4J ■ a  - i  'h  ^  i t  v- £  £  +‘  i  ' %  U  ' ’ , ' 7 /  / 4  r
r  ‘  • 2 J 3 X V . ' i V f  G_XN, *  j *  : 5 ? ?  '.2 ?7 ! 4  ! 3  ' S  "i * 5 *5 1 5 ’ 3 U i
* 3 ' tj 3 1 N V i x U  \.  « y: ̂ ' il i  t  £  sc it x  t  * z  y  ̂  '?&ftT< 4 4 J . tC - IH ?S? f r 2u ? 7 * 7 *fi ' 7 f 5 ! 7 17 1 7 t7 1 7 f 7 < r,.k
y  t §~" i i " & ~ y y  7 j y  a -3" "  2j£~y y  y  y  £' z  y y ' y y y y y  "fej2 . J. . '  r  -  J ' f i  sc . . 3 £ 1  > t " i ? i 5 . ! b  17 * 7  «7 ’ 7 *7  !S  I f t ' 7  »3 ! 3  *3  *3  !7  »r' i .
■ ^ . ig  'c t  ~ ^ ' 4  ^  "a  3. *~ y  y  - y y  - y  y  y  x  y  % y  x  y  #  #  y  x ' y  r
.|2  i .  .’  7 1  -' r  C X £ -J Ij •! ’ f  r3  *£  ?£ 35 ’ r. >S !5  ’ H ’ £ ’ ? ’ 4 T ir T i  5 5 r \   ................ ....................................................
£  C ^ ' ’ *i £  ), T / " * :  1," , ! 4  £ xfry y y y  y y y  y y  y y y ^ ^
J ?  2  *  y s T  ^  4 T i J < 'L .% -. n* J f  .‘J y?.1I,»l !Z  >5 !4  76 ?5 *7 .7 7  ! 7 . >5 !7 iv'y' y y y  y y x x x x x y
.' ■ ku■Sk 'i* r* *'f* *n
.- .■ ,J J-4» ■i' T T T T 4 T 4> i» T 4> 4‘ T v T -i T ^
VITA
William E. Hart, born in Skowhegan, Maine, on October 25, 1929, one 
of the bright events in an otherwise bad year for many people. Father, 
from Philadelphia, ship and yacht captain (retired); mottier from 
Wurttemberg, Germany; wife, Joan, from Christchurch, N e w  Zealand; 
daugher, Elizabeth (Washington, D.C.), pre-med at University of Vir­
ginia; son, William (Washington, D.C.), Bishop McNamara H i g h  School, 
expecting to break Maravich and Nicklaus records at s c h o o l  of his 
choice.
Bachelor of Science in civil engineering, University of Delaware, 
1951. Master of Science in geodetic science, Ohio State University, 
1960. Began marine science studies at LSU in 1969. Research Associate, 
Coastal Studies Institute, 1970.
U.S. Geological Survey, 1951 and 1955, topographic engineer.
Military: battery officer, anti-aircraft artillery, 1952-54.
U.S. Naval Oceanographic Office, 1955 to present: progressive
positions to present Director of Ocean Surveys Division» During this 
period assignments have necessitated travel on every continent, Arctic, 
Antarctic, and every ocean.
Publications: more than a dozen technical papers a n d  reports.
Patents: co-author on two patents and on three applications.
Computer programming: wrote about 30 FORTRAN and W A N G  programs
for marine science, satellite, and navigation systems and. problems.
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Teaching experience: George Washington University, hoth graduate
and undergraduate courses in plane and geodetic surveying.
Professional societies: ACSM interdivisional committee on marine 
surveying and mapping (member).
Sigma Xi, president of Naval Oceanographic Office Chapter.
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